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siaulate  the  long-term  aging  effects  on  these  modifiers.  All 
these  asphalts  and  asphalt  blends  were  evaluated  by 
rheological  and  chemical  tests. 

The  eleven  modified  asphalt  blends  and  unmodified  AC-30 
were  also  used  to  make  Florida  type  8-1  structural  course  and 
type  FC-2  friction  course  mixtures.  These  mixtures  were 


compacted  into  Marshall  specimens  for  age-hardening  and 
subsequent  testing.  These  aged  and  unaged  asphalt  blend 
mixturea  were  evaluated  by  resilient  modulus,  indirect  tensile 

temperatures.  Asphalt  residues  were  recovered  from  the  broken 
samples  and  evaluated  by  consistency  tests. 

The  test  results  indicate  that  the  modified  asphalt 


mixtures  appear  to  have  a more  pronounced  delayed  elastic 
behavior  as  compared  with  that  of  the  unmodified  asphalt 
mixture.  The  laboratory  ATPOT  aging  proceaa  performed  at  a 


temperature  of  185'C  can  simulate  a one-year  field  aging 
effect,  while  the  California  tilt  oven  process  for  a duration 


of  188  hours  can  simulate  an  eight-year  field  aging  under 
typical  Florida  conditions.  In  addition,  the  6HRP  pressure 
aging  vessel  <PAV)  at  100‘C  for  a duration  of  40  hours  could 


simulate  an  aging  effect  of  over  8 years  of  service  under 


typical  Florida  conditions. 


CHAPTBB  I 
INTROOOCTIOH 


Asphalt  conerets  is  affectad  by  tsmperature ; it  tends  to 
bscoDS  stifter  at  lov  service  tenperature  and  softer  at  high 
tenperature.  Thus  an  asphalt  pavement  has  a greater  tendency 


pavements  is  to  use  a modified  asphalt  in  the  paving  nirture 
(1].  The  addition  of  modifiers  to  asphalt  cements  nay  impart 
certain  desirable  charaoteristics  to  the  asphalt  binders,  such 
as  lover  temperature  susceptibility  and  increased  elastic 
responee  at  high  temperature.  Because  modified  asphalt 
pavements  are  quite  nev  in  the  United  states,  there  is  still 
a lot  of  uncertainties  about  the  long-term  performance  of 


test  procedures  and  criteria  for  the  selection  of  these 
modifiers. 

carbon  black  and  chemical-based  light  stabilisers  are  now 
widely  used  in  asphalt  mixtures  to  provide  a stiffez  pavement 


Bost  popular  aodifiars  in  asphalt  Dixtuzes.  They  are  Bade  up 
of  long-chain  bonded  Dolecules  and  include  plastics,  rubbers, 
and  adhesives.  These  naterlals  behave  like  elastic  solids 


others.  The  addition  o 
nay  eliminate  or  reduo 
rutting,  craobing,  and 


1 asphalt  Dixtures 


Modifiers  are  known  Co  react  differently  with  asphalt 
cements  froo  different  sources.  Therefore,  the  reaction  of  a 
Bodifiar  when  mixed  with  one  asphalt  bay  vary  greatly  froB 
that  when  mixed  with  another  asphalt.  Specifications  for 
asphalt  cements  may  not  be  suitable  for  the  asphalt-modifier 
blends,  it  is  necessary  to  investigate  the  appropriate  test 
procedures  for  evaluation  of  the  modified  asphalt  binders, 
hlso,  the  effects  of  air,  ultraviolet  light,  and  elevated 
temperature  on  these  modified  asphalt  binders  are  unlcnown. 


Long-term  laboratory  teats  should  be  conducted  to  evaluate  the 
long-term  performance  of  these  modified  asphalt  binders  and 
mixtures  and  also  Co  aid  identify  Che  maximum  benefits  of 
these  new  asphalt  blends. 


1.2  Objectives  of  the  Study 
The  main  objectives  of  this  research  are  as  follows: 

1.  To  study  the  effect  of  selected  modifiers  to  the 
temperature  susceptibility  and  flow  properties  of 
typical  paving  asphalts. 


optixuai  Dodifier  content 


selected  modifiers  for  typical  paving 
in  Florida. 

To  study  the  aging  characteristics 
modified  asphalts. 

criteria  for  selection  of  modified 


methods  and 


lnvesti9ation 


modifiers 


presented  J^y  many  researchers  such  as  Haas  et  al.[2,3],  Terrel 
and  Halter  [6],  and  Button  [7].  A summary  of  these  modifiers 


2.2.1  Effects  of  Gllsonlta  and  carbon  Blacic 

Gllsonite  is  a pure  natural  hydrocarbon  which  was  found 
In  the  Utah  Basin  of  eastern  Utah  by  Sam  Gilson  in  laas.  It  1s 


a natural  hard  asphalt  that  haa  low  penetration  (0  to  a at 
77"K)  and  high  Ring  and  Ball  softening  point  <250*F  to  350*F) 
[8],  and  it  is  as  black  as  coal  and  as  shiny  as  crystal.  The 
addition  of  gilsonite  can  result  in  a substantial  increase  in 
Marshall  stability  of  the  asphalt  mixtures  and  increase  in 
viscosity  of  the  binders  at  high  temperature.  However,  it 
generally  also  results  in  increased  viscosity  at  low 
temperature.  A paving  proiect  using  gilsonite  was  constructed 

significantly  reduced  through  the  use  of  gilsonite.  Another 
project  conducted  in  Alabama  in  1987  indicated  that  gilsonite 
was  troublesome  to  handle  since  it  was  supplied  in  50-100 


rubbers  and  as  a pigment,  electrically  conductive  filler  or 
shield  against  ultraviolet  radiation  in  plastic.  The  use  of 
carbon  black  in  rubbers  is  guite  different  from  that  used  in 


plastics,  vhere  it  is  strictly  a pigment  and  linited  to  lover 
loadings.  The  rubber  polymer  forme  strong  chemical  bonds  vith 
the  carbon  black,  which  accounts  for  ite  reinforcing  ability 
[9).  The  concept  of  using  carbon  blade  as  a reinforcing  agent 

Microfil  8 is  a grade  of  pelletized  carbon  black 
specially  designed  as  a microfiller  for  asphalt  pavement 
mixture.  It  is  a mixture  of  approximately  92t  high  structure, 
high  abrasion  furnace  (HAF)  type  of  carbon  black  vith 
approximately  84  high  durability  Cabot  oil  which  is  similar  to 
the  maltene  portion  of  asphalt. 

A lot  of  researchers  have  reported  the  beneficial  effect 
of  carbon  black  in  improving  asphalt  pavement  performance 


feasibility  of  carbon  black  as  a reinforcing  agent  t> 
the  wear  resistance  of  asphalts.  Vallergia  and  Sridley  [11] 
also  have  reported  the  beneficial  effect  of  carbon  black  on 
the  durability  and  the  temperature-viscosity  susceptibility  of 
d stability  of  asphalt 


asphalts,  and  on  the  v 
concrete.  Yao  and  Konismith  [12]  stated  that 
carbon  black  in  the  form  of  microfil  8 in  the 
20  percent  by  weight  of  the  binder  improved  t 
resilient  modulus,  and  resistance  to  rutti 
)sla  and  Zahran  (13)  showed  that 
to  the  conventional  asphalt  cem 


the  addition  of 

ig  of  asphaltic 
the  addition  of 
knts  reduced  its 


ceptlbility  and  the  permanent  deformation  o 


the  paving  nisctures  and  improved  the  fatigue  life  of  the 


paveaente,  and  incteased  the  servioeability  index  of 


paveaents.  Tayebali  at  al.(14)  oonducted  several  tests  to 
investigate  the  Influence  of  Microtil  s and  polymer  on  AS-200Q 
asphalt.  The  results  based  on  dynaaic  tests  indicated  that  the 
loss  tangent  vs.  temperature  relationships  for  Aft*2000 
Bodlfied  with  20  percent  Hicrofil  a are  siailar  to  those  of  6 
percent  K4460  polymer  modified  AA-2000  asphalt.  Button  et 
el. [IS]  found  that  the  addition  of  IS  percent  miorofil  B in 
soft  ac-5  asphalt  had  significantly  higher  resistance  to 
permanent  deformation  than  that  of  unmodified  AC-20  asphalt. 

It  seems  reasonable  to  conclude  that  the  addition  of  a 
certain  amount  of  miorofil  8 carbon  black  to  asphalt  binder  le 
beneficial  to  asphalt  pavements  by 

[1]  improving  the  resistance  to  fatigue  cracking. 


deformation. 


(3)  improving  mix  durability  and  wear  resistance. 


{4)  reducing  sensitivity  to  weter. 


A polymer  is 
approximately  hund 


large  molecule  that  is  formed  from 
s to  thousands  of  email  moleculee 
bonds  along  the  molecules 


(monomers)  held  together  by  chemical 


branched  chains 


polymer  network  [l£).  The  process  of  forming  polymeric  chains 
is  called  'polymerization'.  The  physical  properties  of  a 
polymer  are  dependent  on  the  chemical  structure  of  the 
molecules  of  which  it  is  made.  Polymers  can  be  divided  into 
three  distinct  groups  [16, 17, IB, is] : thermoplastics, 
thermosets  and  elastomers  (rubbers]  as  shown  in  Figure  2.1. 

Polymer  is  attracting  wide  attention  and  increased 
application  in  asphalts.  As  mentioned  previously,  conventional 
asphalts  tend  towards  a glassy  brittle  state  at  low 
temperature,  and  at  high  temperature  they  became  soft  and 
fluid.  It  is  evident  that  the  use  of  polymers  enhances  the 
rheological  properties  of  asphalt.  A few  states'  highway 
departments  have  reported  the  successful  application  of 
polymers  in  asphalt  mixtures  to  improve  their  highway 
performance  [7],  but  others  do  not.  Haas  et  al.  [2,3] 


indicated  that  polymer  modified  asphalt  is  good  for 
interlayers  to  limit  reflection  cracking  through  overlays. 
Kelly  and  Bresson  [30]  stated  that  the  asphalt  modified  with 
block  copolymers  improved  low  temperature  flexibility  and 
increased  strength  at  high  service  temperatures.  They  found 
that  block  copolymers  can  be  successfully  applied  on  highway 
joint  sealants,  paving  repair,  barrier  membranes,  and  as 
surface  dressings  in  the  rejuvenation  or  repair  of  road 
surfaces.  Goodrich  [21,22]  investigated  several  polymer- 
modifisd  asphalts  using  dynamic  mechanical  analysis  to 


characterise  the  influence  of  polymer  on  asphalt  binder. 
Goodrich  found  that  at  temperature  below  ID'C,  the  properties 
of  modified  asphalts  are  influenced  by  the  asphalt  Itself  but 

means  that  the  polymer  would  not  increase  the  viscosity  of  the 
asphalt  binder  at  low  temperature  yet  increase  the  permanent 
deformation  resistance  at  high  service  temperature.  The 
temperature  susceptibility  is  reduced  or  the  pen-vis 
number(PVN)  is  increased.  Generally,  the  modifiers  increase 
the  viscosity  at  high  pavement  service  temperatures  to  resist 
rutting  and/or  shoving,  while  not  considerably  affecting  the 
cracking  resistance  of  the  low-viscosity  base  asphalt  at  low 


ambient  temperature. 

Several  studies  [19,23,S]  were  conducted  comparing 
conventional  asphalt  cements  with  different  modified  asphalts 
with  different  concentration  of  polymers.  It  was  concluded 
that  an  asphalt  mixture  with  a proper  amount  of  polymer  will 
substantially  improve  the  physical  properties  of  the  binder; 
the  softening  points  are  considsrably  elevated,  the  low 
temperature  resistance  is  markedly  improved,  and  the 
penetration  is  reduced.  King  et  al.(24]  also  Indicated  that  a 
proper  asphalt  mixed  with  an  appropriate  type  and  amount  of 
polymer  plays  an  important  role  in  modified  asphalt  pavement. 


Thermoplastics  are  linear  or  branched  polymers  which 


heating 


stress  is  applied  when  cooled  again,  they  would 
reversibly  regain  their  solid  or  rubbery  nature,  such  as 
styrene-butadiene-styrana (SBS) , styrene-ethylene-butylene- 
styrene(SEBS) , ethylenB-vinyl-aeatate(EVA) , etc.  At  a 
sufficiently  low  tesperature,  all  tbemoplastic  polymers 
behave  as  if  they  were  solids,  but  as  the  temperature  is 
raised  toward  the  glass  transition  temperature(Tg) , they 

the  system  under  loading.  Therefore,  thermoplastic  polymers 
provide  a pavement  with  a high  stiffness  modulus  and  higher 
stability,  while  elastomers  and  thermosets  give  a more 
resilient,  flexible  pavement.  Generally,  a thermoplastic 
should  be  selected  when  small  strain  and  maximum  stability  are 
required  for  the  asphalt  mixtures. 


Styrene  ethylene  butylene  styrene  (SEBS)  is  formed  by 
linking  two  diblocks,  where  it  is  made  by  polyaeriaing 
ethylene-butylene  rubber  to  block  copolymer  styrene  (IB] . This 


a a standard  randomly  copolymerized  system 
like  styrene-butadiene  rubber  (SBS)  which  gives  a response 
intermediate  between  the  two  polymers  (polystrene  and 


polybutadiene) . 


:k  copolymers  in  general  exhibit 
excellent  tensile  strength  [le],  which  is  similar  to  that  of 
vulcanized  rubber  but  it  does  not  require  vulcanization. 
Collins  and  Kikols  (23]  found  that  the  addition  of  SEBS 
polymers  to  an  asphalt  binder  system  can  provide  a reduced 


penetration,  increased  softening  point,  improved  lov 
temperature  ductility,  increased  toughness  and  tenacity,  and 
increased  viscosity  at  high  temperature.  Carpenter  and  Vandam 
[25]  conducted  a laboratory  performance  study  to  compare  a 
polymer-modified  asphalt  and  an  unmodified  asphalt.  They  found 
that  the  polymer  modified  asphalt  reduced  stiffness  at  low 
temperatures  and  maintained  adequate  stiffness  at  elevated 
temperatures.  This  indicated  that  the  potential  tor  low 
temperature  thermal  cracking  was  significantly  reduced,  and 
the  permanent  deformation  characteristics  were  greatly 


improved  by  the  polymer-modified  asphalt.  Shuler  at  al.  [5] 
reported  that  the  polymer-modified  asphalt  is  less  temperature 
susceptible  than  that  of  an  unmodified  asphalt  from  0*C  (32*F) 


Elastomers  are  lightly  crose-linked  polymers  which  can  be 
defined  as  materials  capable  of  fairly  large  elastic 
deformations  [18].  Prom  the  standpoint  of  modulus,  an 
elastomer  is  a rubber-like  material  but  has  limited 
extensibility  and  incomplete  retraction.  Important  types  of 

(SBR) , etc.  These  polymers  Impart  very  little  strength  to  the 
system  until  they  are  stretched  but  their  tensile  strength  are 
increased  with  elongation.  In  contrast,  the  strengths  of 
thermoplastics  are  limited  after  elongation. 


Styrane  butadiene  rubber  (SBK)  was  developed  in  Gamany 
under  the  naae  "BUNA-S"  and  in  North  America,  during  Norld  war 
II,  as  "GR-S"  (government  rubber-atyrenej  [16,18].  SBB  is  the 
moat  widely  used  rubber  In  the  entire  world.  It  ie  a random 
copolymer  of  styrene  and  butadiene  made  by  free  radical 
copolyaerlration  in  emulsion  (17J.  Button  et  al.[l5]  studied 
several  modified  asphalts  using  a force  ductility  test  to 
measure  tensile  load-deformation  characteristics  of  asphalt 
and  modified  asphalts.  They  found  that  asphalt  containing  SBR 
exhibited  marked  increases  in  energy  required  to  produce 
failure.  Verge  at  al.  |26)  found  that  at  low  temperatures  the 
SBR  elastomers  do  not  increase  the  asphalt  rigidity,  but  at 
higher  temperatures  the  rubberised  asphalt  is  more  rigid  than 
the  unmodified  one.  This  is  significant  for  preventing  rutting 
in  asphalt  concretes.  Field  construction  projects  have  been 
done  by  Krater  et  al.  (27).  They  found  that  the  addition  of 
polyolefin  and  styrene  butadiene  rubber  in  certain 
combinations  will  increase  resistance  to  rutting  while  it  does 
not  increase  thermal  cracking  at  low  temperaturea.  It  also 
reduces  moisture  susceptibility. 

2. 2. 2. 4 Thermoset 

Thermosets  are  rigid,  highly  cross-linked  polymers  which 
are  produced  by  the  direct  formation  of  network  polymers  from 
small  molecules,  or  cross-linking  linear  polymers,  once  formed 
Che  polymer  cannot  be  returned  to  a plastic  stste  by  heating 
(18].  Such  polymers  will  deform  immediately  under  a given  load 


but  recover  to  their  original  configuration  when  the  load  is 
reaoved,  as  in  the  case  of  tire  rubber. 

A rubber  is  generally  defined  as  a naterial  that  can  be 
stretched  to  at  least  two  tines  its  original  length  and  that 
will  retract  rapidly  to  its  original  shape  after  the  force  is 
released.  Froa  a aolecular  standpoint  (laj.  a rubber  consists 
of  long  flexible  chain-like  aolecules  which  are  interconnected 

resistance  to  further  pulling,  since  rubber  elasticity  is  due 
aainly  to  this  network  [16,173. 

Hatural  rubber  did  not  achieve  any  coaoerical 
significance  until  Goodyear  [IS]  cross-linked  (vulcanization) 
it  into  a highly  elastic  network  to  produce  tire  rubber. 

Ground  tire  rubber  has  been  blended  with  asphalt  cement 
and  used  in  various  types  of  pavenent  construction  such  as 
seal  coat,  interlayer  (2B ,29 , 30, 31] , and  more  recently  as 
surface  course,  open-graded  friction  course  (32-41].  Because 
of  the  improved  elasticity  imparted  to  the  binder,  it  is 
believed  that  the  addition  of  rubber  can  increase  Che  amount 
of  energy  it  can  absorb  before  falling.  Many  researchers  and 
produoera  have  reported  many  benefits  of  adding  rubber  to 
asphalt  mixtures,  such  as  reduced  penetration  [31,33,39], 
reduced  temperature  eusceptibility  [34,39],  increased 
softening  point  [31,33,34,39],  increased  absolute  viscosity 
[26,30,31,33,34,41],  and  increased  resilient  modulus 


[34,36,41].  These  iaproved  characteristics  aake  the 
batter  able  to  resist  either  cracking  or  defomation.  For 
instance,  the  increased  viscosity  at  high  service  tenperature 
results  in  greater  flow  resistance  of  binder  and  hence  reduce 
the  rutting  problem.  However,  some  researchers 
[13, 4:, 43, 44, 45]  stated  that  the  sajor  disadvantage  of  using 
rubber  modified  asphalt  is  the  high  cost.  The  initial  cost  of 
rubber  asphalt  mixture  is  higher  than  that  of  conventional 
asphalt  concrete  by  approximately  15  percent  to  30  percent. 

Open-graded  asphalt  mixtures  have  bean  characterised  by 
adding  a large  proportion  of  singla-sised  coarse  aggregate  to 
provide  the  excellent  sacrotexture  (stone  projections]  and 
necessary  nicrotexture  (harshness]  properties  without 
assistance  from  the  fine  aggregate  and  small  amount  of  fine 
aggregate  to  provide  a "choking  action"  for  the  stabilisation 
of  the  coarse  aggregate  fraction  [45,47].  The  role  of  the 
macrotexture  is  to  provide  drainage  channels  so  that  most  of 
the  water  can  be  drained  from  the  contact  area  between  the 
rolling  tire  and  the  pavement  surface.  The  microtexture  allows 

surface.  FHWA  [46]  recommended  that  relatively  pure  carbonate 
aggregates  or  any  aggregates  known  to  polish  should  be 
excluded  from  the  coarse  aggregate  fraction  of  the  open-graded 
friction  course  (material  retained  on  Ho.  5 sieve) . Also,  the 


aggregate  fraction  should 


weight  of  particles  with  at  least  two  fractured  faces  and  $0 
percent  with  one  or  nore  fractured  faces  and  the  abrasion 
loss,  as  determined  by  AASKTO  T9S,  should  not  exceed  40 
percent.  Similar  recommendations  have  been  reported  by  Kamel 
et  al.  [4S],  Tam  and  Lynch  [49],  and  Hamdani  [SO]. 

For  friction  courses,  the  optimum  asphalt  oontent  of 
open-graded  asphalt  mixtures  is  usually  based  on  empirical 

formulas  are  mainly  a function  of  the  surface  capacity  (K^)  of 
the  coarse  aggregate  fraction  of  the  mixture.  The  PHHA  (46) 
procedure  uses  the  following  equation: 


asphalt  content  (b 
surface  capacity  o 


weight  of  aggregate) 
the  coarse  aggregate  fractioh, 

appareht  specific  gravity  of  coarse  aggregate 
The  general  advantages  of  using  open-graded  laixes  as 
friction  courses  are  as  follows  [4$, 47, SI): 

(a)  High  skid  resistance  at  high  speeds  during  wet 


(b)  Reduction  of  splash  and  spray  during  wet 
weather 

(c)  Reduction  of  wheel  path  rutting 

(d)  Reduction  of  hydroplaning  effects  on  wet 


<e}  Reduction  of  light  reflection  from  wet  pavement 
(f]  Reduction  of  tire  rolling  noise 

The  major  disadvantagee  of  open-graded  mixes  are  mainly 
their  poor  durability  and  stripping  problem.  Their  high  air 
voids  (a  minimum  of  15  percent  as  recommended  by  the  FKWA 
procedure)  and  thin  asphalt  film  can  cause  rapid 
disintegration  of  the  nix.  Gemayel  and  Hamlouk  [54]  pointed 
out  that  the  open-graded  asphalt  mixture  ie  more  temperature 
susceptible  than  that  of  dense-graded  asphalt  concrete. 

There  is  little  literature  on  modified  asphalt  used  in 
the  open-graded  mixtures  in  the  United  States.  Moat  of  the 
available  literature  on  the  open-graded  mixtures  is  based  on 
conventional  unmodified  asphalt  and  usually  is  concerned  with 
emulsion  mixtures  |55) . However,  modified  paphalts  employed  in 
the  open-graded  nixes  have  been  widely  used  in  Europe  for  many 
years,  where  the  thickness  of  the  friction  course  is  around 
twice  as  thick  as  that  in  the  United  States.  The  primary 
purpose  for  using  modified  asphalt  on  open-graded  mixes  is  to 
eliminate  or  minimize  the  disadvantages  and  also  maintain  or 
improve  the  advantages  of  that  of  conventional  open-graded 
mixes.  Perez-Jimener  and  Sordino  [66]  conducted  a Cantabro 
test  of  wear  loss,  which  consisted  of  introducing  Marshall 
samples  before  and  after  water  immersion  into  the  Los  Angeles 
machine  (without  balls)  to  obtain  their  weight  loss  after  300 


drun  revolutions  to  evaluate  the  disintegration  resistance  and 
adhesiveness  of  polymer-aodified  asphalt  on  the  asnufacturing 
of  open-graded  sixes.  They  observed  that  the  aix  aanufactured 
with  polyaer  Inproved  the  resistance  of  disintegration  and 
adhesiveness.  Ruiz  et  al.  (57)  stated  that  the  advantage  of 
using  modified  binder  in  open-graded  mixes  is  to  get  longer 


durability  through  thicker  films  of  binder  because  of  high 
viscosity,  and  to  reduce  the  temperature  susceptibility  of  the 
aix.  Huet  et  al.  [583  carried  out  a fatigue  test  track  to 
evaluate  the  fatigue  behavior  of  conventional  asphalt,  SBS 
modified  asphalt,  and  fiber  modified  asphalt  on  road 
structures.  The  test  results  from  their  work  indicated  that 
ths  drainage  properties  ware  practically  unchanged  and  rutting 
was  minimized  by  the  use  of  fiber-based  binder  and  SBS 
modified  asphalt.  Sainton  [59)  stated  that  asphalt  modified 
with  rubber  has  high  cohesion,  high  flexibility  at  low 
temperature,  strong  creeping  resistance,  and  remarkable  aging 
resistance  because  of  an  antioxidant  in  the  rubber  powder. 
Because  of  the  improved  rheological  properties  of  the  modified 
binder,  it  is  easy  to  obtain  a greater  thickness  of  the  binder 
film,  which  leads  to  inproved  cohesion,  and  durability  of  the 


Z..4  Viscoelastic  Properties  of  Modified  Asphalts 
A distinctive  feature  of  the  mechanical  behavior  of 
viscoelastic  materials  is  that  their  response  to  an  applied 


strain  depends 


the  loading 


duration  of  loading  [60).  Basically,  slastio  naterials  follow 
Hooke's  law,  where  the  stress  is  proportional  to  ths  strain; 
in  contrast,  viscous  materials  tend  to  obey  Newton's  law,  with 
the  stress  being  proportional  to  the  rate  of  strain  and 
independent  of  the  strain.  The  behavior  of  viscoelastic 
naterials  is  sonewhere  between  that  of  elastic  solids  and 
viscous  liquids,  which  means  that  these  materials  exhibit  both 
solid  and  liquid  behavior  [60,61].  At  high  temperatures,  they 
usually  behave  in  a Newtonian  manner.  As  the  temperature 
decreases,  they  usually  show  an  increasing  degree  of  non- 
Newtonian  behavior.  However,  the  transition  from  non- 
□ Newtonian  behavior  is  gradual,  and  the  rate  of 


change  from  one  state  to  another  is  a function  of  the 
composition  and  the  type  of  the  material.  For  Newtonian 
fluids,  a plot  of  shear  stress  versus  shear  rate  is 
represented  by  a straight  line  through  the  origin.  The  slope 
of  this  line  is  the  viscosity.  For  non-Newtonian  fluids,  the 
relationship  between  shear  stress  versus  shear  rate  is  usually 
not  represented  by  a straight  line. 

several  rheological  models  have  been  proposed  [62  ] . Basically, 
these  models  consist  of  various  conbinations  of  elastic 
springs  and  viscous  dashpots.  The  spring  and  dashpot  elements 
oombined  in  different  ways  are  a useful  tool  to  describe  the 
form  of  the  stress-strain  relationship  for  linear  viecoelastic 


describe  the  tisB-dependent  behavior,  nc 

a spring  and  a deehpot  ii 
display  conplate  recovery.  The  Voigt  Dodel 


parallel  instead  of  in  series.  This 


relaxation  under  constant  detonation.  Thus,  these  sinple 
models  do  not  provide  adequate  approxiaations  of  the  behavior 
of  viscoelastic  aaterials. 


In  order  to  overcome  these  deficiencies,  models  such  as 
Burger’s  have  been  proposed,  which  combine  elaments  of  the 
Maxwell  and  Voigt  versions.  Brown  and  SparJc  [S3]  employed  as 
many  as  four  Kelvin  elements  into  Burger's  model  to  describe 
step  by  step  the  development  of  the  rheological  pattern  of 
viscoelastic  material.  Secor  and  Honisaith  [S4]  used  a four- 
element  model  similar  to  Burger's  model  to  describe  the 
rheological  behavior  of  viscoelastic  materials.  In  this  model, 
the  top  spring  mechanically  represents  the  purely  elastic 
deformation,  the  combined  middle  spring  and  dashpot  represent 
the  delayed  elastic  deformation,  and  the  lower  dashpot 
represents  the  purely  viscous  flow  deformation.  Honismith  et 
al.  [62]  further  noted  that  this  model  has  limitations  over  an 
extended  period  of  time  even  though  it  can  predict  the  results 
of  three  tests  to  a reasonable  degree.  To  remedy  this,  they 


increased  the  nusber  of  elements  and  developed  a generalized 
model  to  oompare  the  measured  and  predicted  data  for  creep, 
stress  relaxation,  and  constant  rate-of-straln  triaxial  tests. 
This  appears  to  be  a valid  model  which  reasonably  represents 
the  influenoe  of  time  of  loading  and  temperature  on  the 
stress-strain  characteristics  of  viscoelastic  materials. 
Further,  Majidzadeh  and  Schweyer  (SdJ  refined  this  idea  and 
developed  a generalized  Haxuell-multiple  Kelvin  model  to 
evaluate  the  complex  modulus  and  its  components  for  four 
different  asphalt  cements. 

Noting  the  many  possible  combinations  of  springs  and 
dashpots,  Kuhn  and  Rigden  [fi6]  suggested  that  a model  which 
successfully  explains  the  viscoelastic  properties  of  bitumen 
should  Include  the  following  features: 

<1)  The  model  must  include  an  "outside  dashpot"  to 
provide  the  Indefinite  flow  ' 


(2)  The  model  needs  an  "outside  spring"  because  the 


material 


loading  increase. 

(31  The  model  should  provide  for  the  delayed  deformation 
after  the  application  of  a steady  stress. 


should  provide 


the  instantaneous  deformation  to  occur  on 
impact,  so  that  all  the  springs  must  not  l»e 
protected  by  dashpota. 

C5)  The  model  should  shou  a continuous  increase  in 
fracture  strength  with  incrsase  in  rate  of 
loading  up  to  a limiting  value. 

However,  by  assuming  the  bitumen  to  be  a Newtonian 
material,  the  problem  of  the  shear  susceptibility  of  the 
asphalt  cement  has  been  conveniently  neglected.  Hence,  none  of 
the  developed  models  defined  the  flow  regime.  Schweyer  and 
Bums  [67]  and  schweyer  et  al,  [68)  therefore  pointed  out  that 
the  factors  such  as  shear  susceptibility,  variations  in 
viscosity  with  shear  rate,  temperature,  and  pressure  all 
affect  stiffness  of  material.  Because  of  this,  they  proposed 
a model  to  accommodate  the  effects  of  the  stress  level  on  the 
shear  strain  rate.  The  Burn-Schweyer  model  is  a modified 
Burger's  rheological  model  for  a non-Newtonian  material.  In 
the  B-S  model,  the  lower  dashpot  has  been  modified  to 
incorporate  into  the  system  a feedback  mechanism  which  adjusts 
Che  lower  dashpot  viscosity  to  accommodate  the  type  of  non- 

In  addition  to  creep  and  stress  relaxation  experiments, 
it  is  also  possible  to  define  the  rheologioal  response  of 
viscoelastic  materials  using  dynamic  mechanical  tests  [60,61]. 
Zn  such  tests  a sinusoidally  varying  stress  or  strain  is 


corresponding  ainuBOidally 


applied  to  a specimen,  and  the 
varying  strain  or  stress  is  measured.  If  the  material  is 
linearly  viscoelaetle  and  the  input  Is  sinusoidal  stress,  the 
strain  response  will  be  the  same  as  the  sinusoidal  but  out  of 
phase  with  the  stress  by  an  angle  between  0 and  90,  called  the 
loss  angle  S [60,61],  It  is  usually  analyzed  by  a diagram 
plotting  the  logarithm  of  the  complex  modulus  G*  versus 
logarithm  frequency.  Pagen  169],  Coffman  and  Craft  (70], 
Honismith  et  al.  (62),  Jongepler  and  Kuilman  [71],  Goodrioh 
[72],  and  Christensen  and  Anderson  (73)  have  used  this  dynamic 
test  method  to  define  the  rheological  response  of  asphalt 


2.5  Effects  Of  Artitical  Heatharino  on  Modified  Asphalts 
Durability  has  been  defined  as  the  resistance  to  change 
in  physico-chemical  properties  of  asphalt  with  time  under  the 
action  of  weather  and  traffic  [I]  - Asphalt  hardening  is  a very 
important  factor  in  causing  asphalt  pavement  to  crach  and 
disintegrate.  Because  the  rate  of  asphalt  hardening  in  service 
has  been  recognized  as  the  major  factor  affecting  the 
durability  of  an  asphalt,  many  durability  tests  are  based  on 
the  evaluation  of  resistance  to  asphalt  hardening. 

In  order  to  investigate  the  durability  of  asphalt 
cements,  it  is  essential  to  understand  the  physico-chemical 
behavior  of  the  asphalts.  Chemical  change  euch  as  oxidation  is 
thought  to  be  the  immediate  cause  of  asphalt  composition 


alterations.  These  changes  create  aarXed  differences  in  the 
rheological  properties  of  asphalt  ceaents  and  result  in 
irreversible  hardening.  It  hae  been  claiued  that  this 
oxidative  hardening  is  nainly  due  to  the  fomation  of  highly 
polar,  strongly  oxygen-contained  ohenical  functionality  with 
the  asphalt  molecules  (7«,7S,7«].  According  to  Ishai  and  his 
coworkers  (77,7«  ,79 ,80] , the  diffusion  rate  of  oxygen  into  the 
asphalt  binder  and  the  reactivity  of  asphalt  cement  determine 
the  oxidation  reaction.  In  contrast,  the  physical  changes 
taking  place  in  reversible  hardening  are  attributed  primarily 
to  rearrangement  or  reorientation  of  the  micelles  and  often 
occur  when  the  asphalt  is  in  a continuous  state  of 


It  is  evident  that  physico-chemical  factors  provide  a 
useful  tool  for  characterizing  the  durability  of  asphalt 
cements.  Petersen  [81]  and  Petersen  et  al.  [82]  recently 
reported  that  physico-chemical  factors  between  oxygen  and 
asphalt  molecules  control  the  kinetics  of  age-hardening  of 
asphalt  cements  rather  than  the  intrinsic  reactivity  of  the 
molecular  components  with  oxygen.  He  indicated  that  Che  age- 
hardening kinetics  of  asphalt  cements  is  controlled  by  the 
state  of  dispersion  of  associated  molecules  in  asphalt  instead 

However,  Robertson  et  al.  [83],  in  an  SHHP  project  regarding 

properties  of  new  and  aged  asphalt  using  the  pressure  air 


vessel  test  {PAV)  end  modified  rolling-thin'fils-oven-test 
(RTF^)  equipments  to  simulate  pavement  oxidation,  observed 
that  the  chemical  and  physical  propertiee  among  asphalts  are 
quite  different  from  one  another.  These  disparate  laboratory 
reeults  lead  to  the  conclusion  that  reliable  and  practical 
information  is  obtained  only  vhen  the  behavior  of  asphalt  in 
the  durability  test  can  be  correlated  vith  pavement  durability 


Long-term  age  hardening  testing  of  asphalt  in  the 
laboratory  has  been  a quite  promising  approach  to 
investigating  the  durability  of  asphalts,  However, 
conventional  evaluation  within  single-temperature  and  single- 
time  domain  is  severely  limited  as  a sensible  and  extensive 
evaluation  of  asphalt  aging.  Ishai  [84]  euggested  that  the 
temperature-time  domain  should  be  characterized  and 
investigated  over  a wide  range  of  oven  temperature  and 
exposure  durations.  He  and  his  coworkers  [77,78,78,80]  found 
that  the  aging  mechanisms  of  asphalt  at  the  high  temperature 
levels  employed  in  accelerated  conditions  are  believed  not  to 
differ  significantly  from  those  occurring  under  the  relatively 

university  of  Florida  [85,86,87]  on  age-hardening  of  asphalt 

changing  the  rheological  properties  of  aged  asphalts  and  in 
simulating  long-term  field  aging.  To  accelerate  the  aging 


Page  et  el.  (B8)  also  suggeeta 
tenperatiure  can  be  enhanced 


nixing  tenperatures . 


OUFTER  3 

RESEARCH  TE3T1HS  PROGRAH 
3.1  Re»garch  Proaraa 


(2)  Evaluation  of  the  aging  c3iaracteristies  of  noditled 
asphalt  binders. 


3.2  Evaluation  of  the  Effects  of  selected  Modifiers  a 


Sumnary  of  the  Research  Program 


This  Study. 


(S)  Styrene-Butadlane  Rubber 
(6}  Ethylene  Vinyl  Acetate  (t 


(7)  Styrene-Ethylene-Butylene-Styrene  (SEBS) 

Five  or  the  seven  selected  nodifiers  including  gilsonite, 
carbon  black,  STR-BO,  GTR-40,  and  SBR  modifiers  were  blended 
with  en  AC-30  asphalt  cement  using  three  different  levels  of 
addition  of  modifier,  and  the  other  two  modifiers  were  blended 


with  three  different  grades  of  asphalt  cements  namely,  AC-30, 
AC-20,  and  AC-5,  using  one  level  of  addition  of  modifier  to 
produce  a total  of  21  different  blends  of  modified  asphalt. 
One  of  the  levels  of  addition  of  GTR-80  was  5 percent,  and  one 
of  Che  levels  of  addition  of  GTR-40  was  15  percent,  which  are 
typical  amounts  used  in  Florida.  These  21  modified  asphalt 
blends  and  the  unmodified  control  AC-30,  AC-20,  and  AC-5 
asphalt  were  subjected  to  the  TFOT  procedure  at  ie3*C  {325»F)  . 
The  following  tests  were  performed  on  the  24  original  asphalt 


[IJ  Kinematic  viscosity  at  135*C  (275"F) . 
{3)  Absolute  viscosity  at  60*C  (140*F). 


77'F) . 

) Penetration  at  4*  and  2S'C  (39.2 
) IR  spectral  analysis, 
e five  modifiers  were  also  blended  w 


modified 


asphalt. 


GTR-40  was  S and  15  percent,  respectively.  These  five  notified 
asphalts  were  subjected  tc  the  TFOT  procedure  at  163*C 
(325*F),  and  the  five  teats  as  listed  above  were  conducted  on 
the  five  original  eephalt  blends  and  the  five  residues  from 


the  study  of  the  effects  of 
susceptibility  of  asphalt  binders.  Figure  3 


? 31  original 
e temperature 


3.3  CharflstetlBticB  of  Modified 

Twelve  asphalt  blends  were  used  in  this  test  series  to 
evaluate  the  effects  of  TFOT  end  RTFOT  tsDperatures  on  the 
aged-hardening  characteristics  of  modified  asphalts.  The 
twelve  binders  include  a control  AC-30,  AC-30  DOdlfied  with 
gilsonite,  carbon  black,  GTR-80,  GTR-40,  S5R,  EVA,  and  SEES, 
AC-20  modified  with  EVA  and  SEBS,  and  AC-S  modified  with  EVA 
and  SEBS.  Figure  3.3  shows  the  summary  of  the  testing  program 
for  this  subtask. 

The  control  AC-30,  carbon  black  modified,  and  gilsonite 
procedures: 


Evaluation  of  the  effects 
of  the  nodiflere  on  the 
temperature  susceptibility 
of  asphalt  binders 


subjected 


(4)  frrroT  at  I63»c  OJS-f). 

The  ether  nine  polymer  modified  asphalts  were 
to  the  following  aging  procedures: 

(2)  TPOT  at  196*C  (385*F). 

(4)  RTFOT  at  iaS‘C  (365’P). 

The  following  tests  were  performed  on  the  12  original 
asphalt  blends  and  (12x5)  60  asphalt  residues  from  the  TFOT 

(1)  Absolute  viscosity  at  60*C  (140*F) . 

(21  Schweyer  rheometer  tests  at  S‘  and  2S*C  (41*  and 
77-F) . 

(3)  Penetration  at  4*  and  2S"C  f39.2®  and  77"F>. 

(4)  IR  spectral  analysis. 


The  eleven  modified  asphalts  and  the  unmodified  AC-30 
used  in  subtash  (2)  was  used  to  mates  Florida  S-1  and  PC-2 
mixes.  These  mixtures  were  compacted  into  Marshall  specimens 
for  age  hardening  and  subseguent  testing.  The  compacted 
asphalt  mix  specimens  made  with  unmodified  AC-30  and  seven 
modified  asphalts  ( AC-30  plus  gilsonite,  carbon  black,  GTR- 
80,  GTR-40,  SBR,  EVA,  and  5EBS  modifier)  were  subjected  to  the 
following  aging  conditions: 


r natural  sunlight 


The  aixtures  nade  with  the  other  four  modified  asphalts 
were  aged  in  a forced-draft  oven  at  60"C  (140*F)  for  90  days, 
no  aging,  and  under  sunlight  for  6 months  only.  Pour  replicate 
specimens  were  made  for  each  condition.  This  amounted  to  a 
total  of  ((Sx8+I2)x4xl)  41$  specimens  for  this  part  of  the 
study.  Figure  3.4  shows  the  testing  program  of  the  asphalt 
mixtures. 

For  each  type  of  mixture,  two  extra  samples  were  made  in 
order  to  run  tha  Rice  specific  gravity  tests.  Thus,  the  grand 
total  number  of  samples  made  was  (41$  + 2X24}  464. 

The  following  tests  were  performed  on  the  Marshall 


(1)  Resilient  modulus  tests  at  5*  and  25*C  (41  and 

(2)  Indirect  tensile  tests  at  S*C  (41'F)  on  two 

replicate  specimens. 

(3)  Indirect  tensile  tests  at  2S*C  (77*F)  on  two 

replicate  specimens. 

After  the  specimens  was  broken  in  the  indirect  tensile 
tests,  the  asphalt  binder  was  recovered  from  the  asphalt 
mixtures.  The  following  tests  were  performed  on  the  recovered 
asphalt  residues: 


Tasting  Program 
on  Asphalt  Mixtures 


activities  in  subtasX 


(140«F) . 


(1)  Absolute  vlsaosity  at  60*C 

(2)  Scbveyer  rheoaeter  tests  at  S*  and  2S‘C  (41  and 


(3)  Penetration  at  25*C  (77®P) . 

(4)  IR  spectral  analysis. 


HATSRIAl^  AND  LASORA^ 

this  laboratory  testing  program.  It  includes  a description  of 
the  properties  of  asphalt  binders,  modifiers,  and  aggregates, 
the  fabrication  of  Kershall  specimens,  the  tests  on  Marshall 


i.l  Materials 

a.1.1  Modifiers 

Seven  different  modifiers  were  used.  They  are  (1) 
gilsonite,  (2)  carbon  black,  f3)  two  types  of  ground  tire 
rubbers,  [4]  styrene  butadiene  rubber  (SBR),  (5)  ethylene 
vinyl  acetate  (EVA),  and  {6)  styrene  ethylene  butylene  styrene 

Gilsonite,  which  is  a natural  hard  asphalt,  was  obtained 
from  flegler  Chemical  Mineral  Corporation,  The  carbon  black 
used  was  a product  by  the  name  of  Microfil-8,  which  was 
supplied  by  Cabot  Corporation.  Hicrofil-S  is  in  the  form  of 
pallets,  and  is  a mixture  of  approximately  92%  high  structure, 
high  abrasion  furnace  (HAP)  type  of  carbon  black  with 
approximately  8%  high  durability  Cabot  oil.  Ground  tire 
rubbers  of  themoset  polymeric  materials  , were  supplied  by 


ground 


form  of  powder  supplied  by  Rouse  Rubber  Industries.  The  oi 
was  a coarse  cfround  tire  rubber  (#40)  in  the  form  of  or> 
from  Baker  Rubber  Corporation.  Elastomeric  SBR  in  the  fori 
a latex  was  supplied  by  BAS?  Corporation.  Themoplaetic  b; 
copolymer  SEBS  was  obtained  from  Shell  Oil  Company, 
flexible  thermoplastic  copolymer  EVA  was  supplied  by  & 
Chemical  Americas.  The  blending  of  asphalt  with  t 


manufacturers.  Table  4.1  lists  the  manufacturers  for  each 
modifier. 


Three  different  grades  of  paving  asphalt  were  used.  They 
were  AC-30,  AC-20,  and  AC-5  which  meet  the  Florida  Department 
of  Transportation  specifications.  The  modified  asphalt  binders 
were  made  by  blending  different  amounts  of  modifier  with 
different  types  of  asphalt,  A total  of  31  modified  asphalt 
binders  were  used  in  this  study.  Table  4.2  lists  the  different 
amounts  of  modifier  used  In  the  different  types  of  asphalt 
binders  along  with  the  specific  gravity  for  each  modified 
asphalt  binder. 


The  aggregates  used  in  the  mixture  tests  were  obtained 
from  two  different  sources.  Aggregates  from  one  source  were 
used  to  make  dense-graded  nixes  meeting  Florida  S-l 
specifications.  They  were  a Florida  Mining  Materials  #67 
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filler.  The  aggregates  from  second  source,  which  consist  of 
two  types  of  aggregate  and  a mineral  filler,  were  used  to  make 
open-graded  aixee  meeting  Florida  FC-2  specifications.  Table 
4.3  lists  the  aggregate  types  and  blends  used,  as  well  as  job 
nix  formula  for  the  S-1  nixes.  Table  4.4  shows  the  aggregate 
types,  blends  used,  and  job  mix  formula  for  the  FC-2  mixes. 
4.1.4  Marshall  soeelMns 

Among  the  31  modified  asphalt  binders  evaluated  by  the 
binder  tests,  twelve  asphalt  blends  were  selected  and  used  to 
make  Florida  type  S-1  and  FC-2  asphalt  concrete  mixes,  which 

Marshall  specimens,  consisting  of  20a  specimens  of  dense- 
graded  mixes  and  208  specimens  of  open-graded  mixes,  were 
prepared. 

A Marshall  nix  design  was  performed  to  determine  the 
optimum  asphalt  content  for  the  dense-graded  nix.  Table  4.5 
summarizes  the  material  properties  of  the  Marshall  nix  design. 
An  optimum  asphalt  content  of  6.5  percent  was  obtained  for  the 
S-1  mix.  Therefore,  a 6.5  percent  asphalt  content  was  adopted 
for  the  dense-graded  mixtures  made  with  these  modified  binders 
with  the  exception  of  coarse  ground  tire  rubber  where  7.0 
percent  asphalt  content  was  used,  because  the  coarse  rubber 
(#40)  particles  create  more  surface  area  that  must  be  coated. 
For  the  open-graded  mixes,  Marshall  specimens  were  fabricated 
with  an  asphalt  content  of  6.3  percent  and  compacted  by  50- 
blow  Marshall  compaction.  The  corresponding  mixing 
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Design  asphait  c 
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tenperacuras  to  get  a viscoaity  of  1.7  1 0.2  polsea,  as 
recoDaended  by  the  Asphalt  Institute,  for  both  aixtures  on 
different  asphalt  blends  vas  obtained  frcno  previous  subtask  1. 
Tables  4.S  and  4.7  list  the  asphalt  contents  as  well  as 
respective  blending  and  aixing  temperatures. 

The  DaxinuB  specific  gravities  cf  the  sixes  were 
determined  by  means  of  the  Rice  Methcd  (AST«  D2041  or  AASHTO 
T-209)  for  uncompacted  asphalt  porous-aggregate  mixturee.  Two 
samples  were  tested  for  each  type  of  asphalt  mix.  Table  4.8 
and  Table  4.9  list  the  maximum  specific  gravities  for  the 
dense-graded  and  the  open-graded  mixes,  respectively.  The 
properties  of  the  504  dense-graded  and  open-graded  Harshall 
specimens  are  shown  in  Appendixes  A.l  and  A. 2,  respectively. 


4.2  Laboratory  Procedures 
4.2.1  Preparation  of  Modified  Asphalts 

The  procedures  for  blending  asphalts  with  modifiers 
consist  of  the  following  steps: 

1.  The  selected  modifier  was  weighed  out  in  an  open 
stainless  steel  beaker  to  the  desired  amount  by 


The  selected  asphalt  binder  which  is  stored  in  a 
quarter  pint  aluminum  can  was  heated  to  the  desired 
blending  temperature  on  a hot  plate. 

^lace  a variable-speed  air-propeller  mixer  in  the 
heated  can.  Turn  on  the  pressure  and  adjust  the  air 


pressure  until,  the  desired  speed  is  reached.  For  the 
propeller  nixer  used,  a pressure  of  15  psi  was  used 
for  normal  modifiers  and  20  psi  was  used  for  polymer 
modifiers.  The  selected  and  weighed  modifier  was 
gradually  poured  into  heated  asphalt  binder  and  then 


4.  The  entire  nixing  process  takes  approximately  20 
minutes  for  regular  modifiers. 

For  themoset  polymer  and  thermoplastic  block  copolymer 
modifiers,  the  following  additional  procedures  are  needed: 

5.  A high  shear  rate  is  required  for  nixing  polymer 
modifiers  with  asphalt. 

6.  After  20  minutes  of  nixing,  the  asphalt  blend  was 
kept  at  the  desired  temperature  for  20  ainutes  tc 
allow  the  reaction  between  the  asphalt  and  the 
polymer-chain. 


7.  After  the  polymer-asphalt  reaction,  the  asphalt 
blend  was  mixed  for  another  20  minutes  to  have  a 
better  blending. 

0.  The  blended  modified  asphalt  was  poured  out  right 
after  nixing  for  preparation  of  binder  tests. 

4.2.2  Fraoaration  of  Marshall  Soaclmans 

The  procedures  for  the  fabrication  of  Karshall  specimens 
made  with  the  modified  asphalt  binders  are  as  follows: 

1.  The  properly  batched  aggregate  blend  was 


an  oven  at  the  desired  tenperature  for  at  least  3 
hours  to  ensure  that  the  aggregate  is  hot  and  dry. 
Standard  Marshall  nolds  of  4 Inches  in  diameter  were 
placed  in  an  oven  at  the  desired  temperature  for  3 

The  modified  asphalt  hlend  was  heated  to  the  desired 
temperature  before  nixing. 

modified  asphalt  in  an  asphalt  mixer  for 
approximately  2 minutes, 

The  prepared  mixture  was  placed  in  the  mold.  Fifty 
blows  were  applied  to  each  side  with  a Marshall 
hammer  assembly  at  the  selected  compaction 
tenperature. 

In  the  case  of  rubberized  asphalt  mixtures,  a 4-lnch 
diameter  concrete  cylinder  was  placed  on  top  of  the 
compacted  specimen  in  the  mold  right  after 
compaction  to  prevent  the  specimen  from  swelling  . 
After  cooling  down  to  room  temperature,  the  cooled 
specimens  were  extruded  from  the  molds  by  means  of 
an  extrusion  jaclc. 

The  bulk  specific  gravity  was  determined  in 
accordance  with  ASTM  D-2726  and  the  height  of  each 
ccmpacted  specimen  was  measured  after  extrusion. 

The  maximum  theoretical  specific  gravity  of  the  mix 
was  determined  in  accordance  with  A5TK  D-2041,  and 


calculated  ii 


4.2.3  Schwever  Mieoaater  Teat 
4 . 2 . 3 . 1 Background 

The  theoretical  background  tor  the  Sehweyer  constant 
stress  rheometer  and  application  ot  rheological  concepts 
established  by  H.E.  Sehweyer  have  bean  presented  by  Tia  and 
Ruth  [89] . Major  procedures  for  analysis  of  Sehweyer  rheometer 
data  are  summarized  as  follows: 

1.  Calculate  the  uncorrected  shear  stress  using  the 
following  expression: 

''  ■ V (4,1) 


Kf  ■ 1/  (2rDL)  for  plug  flow  tube  with  uniform 
diameter 

K,  ■ Dj/(sL,D,')  for  sample  tube  with  capillary 
F ■ plunger  force,  W 

Calculate  the  uncorrected  shear  rate  using  the 
following  expression: 

T--K.V  (4.2) 


Ky  ■ a/D  for  plug  flow  tube  with  uniform  diameter 
Ky  = 8D(*/(Dc^)  for  sample  tube  with  capillary 
V - velocity  ot  flow  in  sample  tube 


Plot  the  log  t ’ (shear  stress)  versus  log  y' (shear 
rata) . The  shear  susceptibility  factor  (C)  is  then 
obtained  fron  the  slope  of  the  logarlthu  shear 
stress  versus  logaritho  shear  rate  plot.  If  c is 
1,00,  the  material  exhibits  Nevtonian  flow  behavior, 


If  C is  less  than  1.0,  the  bitumen  is  shear 
susceptible  and  behaves  as  a pseudoplastic  material. 
It  C is  larger  than  1.0,  the  material  la  shear 
susceptible  but  possess  a response  to  stress 
opposite  to  that  of  the  pseudoplastic. 

Compute  the  viscosity  at  shear  rate  of  i.o  sec*' 
using  both  geometry  (C)  and  Rabinowitsch  (R) 
correction  factors  as  follows: 

"i.o  ■ (I'C  )/(R*T')‘  (4.3) 


G . El  + (L,/L.)  (D./D, for  geometric 

” the  mean  length  of  sample  during  test 
Lg  ■ the  length  of  capillary 
> diameters  of  capillary 
Dj  a diameters  of  sample  tube 

R ■ (0.75  + 0.25/CJ  for  Rabinowitsch  correction 

C * shear  susceptibility  factor 

Compute  the  apparent  viscosity  at  a constant  power 

input  of  IDO  w/m’  through  the  viscosity  at  shear 


of  1.0  aao  ' using  tha  following  sxpteaalon: 
",(uhera  j - loO  w/m’)  - «,  ,( 


(4.4) 


■j  - apparent  viscosity  at  a constant  power  input 

The  constant  power  viscosity  has  the  advantage  of 
DiniDizing  ewtrapcletion  errors  because  the  shear  rate  (Yj'} 
is  within  or  cloaa  to  the  shear  rates  obtained  fro»  the 
rheometer  tests.  However,  viscosity  measurements  at  one 
temperature  are  usually  not  enough  to  define  the  low 
temperature  rheological  behavior  of  bitumens.  It  is  desirable 
to  obtain  test  results  at  different  temperatures  and  to  plot 
a log  viscosity  versus  log  temperature  curve. 

4iii3.2  Experimental  orocedura 

The  procedures  for  Schweyer  constant  stress  rheometer 
teat  consist  of  the  following  steps: 

1.  A sample  tube  is  tilled  with  asphalt  blend  to 
approximately  2 to  « mm  fO.OB  to  0.24  in.)  from  the 

2.  The  plunger  is  pushed  into  the  sample  tube. 

3.  The  entire  assembly  is  placed  into  the  metal  block, 
which  is  then  cooled  or  heated  to  testing 
temperature. 


stabilized, 


Once  the  temperature  has 
pressure  is  preset  and  the  gas  cyciinder  is 
activated  to  apply  force  to  the  plunger  and  test 


The  creep  curve  is  recorded  through  a data 
acquisition  system  for  each  stress  level  until  the 
response  becomes  linear.  Usually  2 minute  is  enough. 

levels,  usually  between  100  psi  and  JO  psi. 

The  shear  stress  versus  shear  rate  relationship  is 
obtained  and  plotted  by  using  a computer  program. 
The  shear  susceptibility  (C) , viscosity  at  a shear 


power  viscosity  (** 
computer  program. 
LInfrared  s 


well  as  the  constant 
n obtained  through  the 


4.2.<.l  Background 

Infrared  spectroscopy  is  an  analytical  method  where  the 
infrared  radiation  is  passed  through  the  sample  and  the  amount 
of  the  radiation  absorbed  (or  transmitted)  by  the  sample  Is 
measured. 


The  chemical  functionality  in  asphalt  or  the  modifier  in 
asphalt  and  the  changes  in  chemical  functionality  with  aging 
are  then  examined  by  a functional  group  analysis.  If  the 
spectrum  does  not  contain  an  absorption  band  typical  of  a 
functional  group,  it  can  be  deduced  that  the  molecules 


do  not  contain  that  functional  group,  o 
moleculaa,  which  contain  cany  diffarant  k 
groupa  ganarally  give  poor  spectra.  The  re 
a plot  of  percent  absorbed  (or  transmitted) 


r functional 
spectrum  is 


The  original  or  aged  asphalt  blends  are  dissolved  in 
tetrahydrofuran  (THF)  at  a 5 percent  concentration  and 
evaluated  in  the  FTIR  spectrophotometer.  The  testing 
procedures  for  infrared  spectral  teat  are  described  as 


The  asphalt  blend  is  weighed  out  in  an  amount  from 
0.2  to  0.3  gran  in  a 3 gram  glass  vial.  The  weight 
is  accurately  measured  to  a hundredth  of  a gram. 
HPLC  grade  Tetrahyrofuran  (THF)  is  used  to  dissolve 
the  asphalt  bland  to  a 5 percent  (H/V)  solution.  The 
solution  in  the  vial  is  tightly  stoppered  and  Is 
oocasionally  shaken  to  acoelarate  the  dissolving  of 
asphalt  blend  sample.  (WARHING:  THF  is  toxic;  read 
product  data  and  safety  sheets.) 

The  sealed  cell  is  cleaned  by  using  3 cc  Luer  Lock 
syringes  with  THF.  The  cleaned  sealed  cell  is  then 

no  air  bubbles  are  entrapped. 

The  filled  sealed  cell  is  then  inserted  into  the 
cell  holder  in  the  sample  compartment  of  the 
spectrophotometer.  Then  the  sample  compartment  is 


The  systea  software  is  operated  to  scan  the  solvent 
to  generate  the  background  spectriui  for  THF.  The 
background  spectruk  ia  stored  on  the  disk 
facilities.  The  background  spectrun  is  generated  and 
saved  in  diskette  on  every  occaaion  that  the  test  is 


The  sealed  cell  is  renoved  from  conpartaent  and 
cleaned  through  the  use  of  syringe  with  THP,  and 

The  sealed  cell  la  tilled  with  asphalt  sample  by 
using  3 oc  Luer  Lock  syringes.  Then  step  4 ia  done 

The  system  software  is  operated  to  scan  the  solvent 
to  generate  the  spectrum  for  solution.  Using 
software  commands,  the  background  spectrum  is 
ratioed  out  and  the  spectnim  of  the  asphalt  blend 
sample  is  yielded,  and  stored  on  the  disk 
facilities. 

Using  various  software  commands,  the  analysis  of  the 
spectrum  of  the  asphalt  blend  was  done,  so  as  to 
obtain  the  values  of  absorbance  at  different 


The  carbonyl  ratios 
calculated  using  the 


spectrum  is 


obtained  on  a 


plotter. 


12.  The  sealed  cell  is  rinsed  out  with  THF  until 
thoroughly  clean  and  put  away  when  done  for  the  day. 
The  sealed  cell  is  then  stored  in  a dry  desiccated 

4.2.5  indirect  Tenelle  Tear 

This  test  is  conducted  by  loading  a cylindrical  speciDsn 
along  its  length.  This  eonpraasive  loading  produces  a fairly 
uniform  tensile  stress  perpendicular  to  the  plane  of  the 
applied  load  and  along  the  vertical  diametrical  plane  that 
causes  the  specimen  to  fail  by  splitting  along  the  vertical 
diameter.  Both  the  horieontal  and  vertical  deformations  as 
well  as  the  applied  load  can  be  measured  during  the  test. 

On  the  basis  of  the  maximum  failure  load  of  P.  applied 
through  a loading  strip  of  width  1/2  in.,  the  tensile  strength 
at  failure  S,,  can  be  computed  with  the  relationship 

S,  - (1.96PJ  /irtd  (4.S) 


Basically 


- Indirect  tensile  strength,  psi 

■ Ultimate  vertical  diametral  load,  Ihf 

“ Specimen  thichness,  inches 

■ Specimen  diameter.  Inches 

, the  Indirect  tensile  strength  of  asphalt 

higher  temperature  or  a low  loading  rate  ( 0.05 
lower  temperature  to  compare  the  thermal-load- 


Induced  stresses  to  evaluate  the  effects  of  thernal  variation 
on  nixtures.  Button  at  al.  [15]  perfomed  the  indirect  tensile 
test  using  high  loading  rates  and  lov  loading  rates  at  various 
cold  teaperatures  ranging  from  -1S*C  to  2S’C  to  evaluate  the 
effects  of  loading  rates  on  low  teaperature  testing.  The  test 
results  from  their  study  indicated  that  the  resistance  to 
traffic-induced  cracXing  was  increased  when  the  strength  of 
the  Bix  at  a high  loading  rate  was  increased. 

The  procedures  for  the  indirect  tensile  test  are  briefly 
described  as  follows; 

1.  The  test  specimens  are  placed  in  a temperature- 
controlled  chamber  at  the  specified  test  temperature 
for  at  least  24  hours  to  ensure  that  the  teaperature 
is  stabilized  before  the  test. 

2.  The  test  specimen  is  placed  into  the  lateral 
deformation  extensometer  device  and  whole  diametral 
device  is  placed  on  the  top  of  0 . 5-inoh-wide  steel 
loading  strip  and  adjusted  to  be  parallel  and  wall 
centered  on  the  vertical  dianetral  plane.  The 
diametral  device  consists  of  two  extensometers  with 
gauge  length  extenders,  and  two  speciiaen  adapter 
brackets  are  checked  to  ensure  that  the  brackets 
contact  the  specimen  all  along  the  thickness.  A 
small  pre-load  of  approximately  3 peroent  of  the 
maxinum  load  is  first  applied  to  the  specimen  to 
help  sitting  the  loading  strip  on  the  specimen. 


A conpresBiva  load  is  applied  at  j 
per  ainute  until  specinsn  failure, 
and  horizontal  defonzation 
electronic  load  cell  a 


applied  lo 
through  t 


respectively.  Both  load  and  defonzation  are  plotted 
on  the  chart  recorder. 


The  indirect  tensile  strength  then  can  be  calculated 
by  using  the  relationship  nentionad  previously.  A 
typical  indirect  tensile  strength  test  report 
generated  by  the  coaputer  software  is  shown  in  Table 


<.2.6  Resilient  Modulus  Tear 

The  dynamic  resilient  modulus  has  been  defined  as  the 
ratio  of  the  applied  stress  to  the  recoverable  strain  when  a 
repeated  dynamic  load  is  applied.  Basically,  the  test  method 
is  conducted  by  applying  a pulse  load  at  relatively  short  time 
duration  and  recording  the  instantaneous  deformation  using 
strain  gages  or  linear  variable  differential  transformers 
(LVDTs) . The  resilient  moduli  are  then  calculated  from  the 
computed  induced  stresses  and  measured  strains. 

Schmidt,  R.J.  (SO]  developed  a diametral  method  to 
determine  the  resilient  modulus  of  a variety  of  polymer 
modified  specimens.  In  this  method,  a pulsating  load  of  0.1 
second  duration  is  applied  diametrally  to  the  standard 
Marshall  specimen  every  3 seconds,  and  the  corresponding 


Indirect  tensile  strength  test  report 


Test  sujQiiiary 

Test  file  ! 41A01ST 

General  Information 


n Perametere 


Pull  Scale  Load  (lbs) 
Pull  Scale  Displacement 
specimen  Diameter  (in.) 
Specimen  Thickness  (in.) 
Test  Temperature  (deg  p] 


fin. ) 


Control  Parameters 


Displacement  Rate  (in. /min) 
Load  Decrease  (%) 

Maximum  Actuator  Travel  (in.) 


Reaeon  for  Test  Shutdown 
Detected 
Type  of  Failure 
Ultimate  Load  (lbs) 

Corresponding  Ultimate  stroke  (in.) 
Ultimate  Tensile  Strength  (pel) 


horizontal  deforaiation  ifi  aeasured  through  tho  siounted 
transducers.  This  dianetral  resilient  modulus  device  in  mix 
design  is  now  standardized  in  ASTN  D-4123  which  raconnende  the 
application  of  compressive  loads  with  a haversine  or  suitable 
wave  form.  The  load  is  applied  vertically  in  the  vertical 
dia&etral  plane  of  a cylindrical  specimen  through  a loading 
strip  of  0.5  inch  width.  The  resulting  horizontal  deformation 
of  the  specimen  is  measured  and.  with  an  assumed  Poisson's 
ratio,  is  used  to  calculate  the  resilient  modulus. 

The  resilient  moduli  then  can  be  calculated  by  the 
following  expressions: 

P ( p,i  + 0.27  1 / (td,,)  (4.8) 

P ( «-.  ♦ O'*’  ) / (4.7) 


«■! 

N.I 


■S.I 


instantaneous  resilient  modulus  of  elasticity, 

total  resilient  modulus  of  elasticity,  psi  (or 

instantaneous  resilient  Poisson’s  ratio, 
total  resilient  Poisson's  ratio, 
repeated  load,  Ibf  (or  N) , 
specimen  thickness,  in.  (or  am), 
instantaneous  recoverable  horizontal 
deformation,  in.  (or  mm), 

total  recoverable  horizontal  deformation,  in. 


reasonable  for  asphalt  mixtures  at  aS'C  (77'’PJ  (91],  However, 
a value  of  0.2  of  poisson  ratio  was  employed  at  temperature  of 

testing  mixtures  properties.  Button  et  al.  (15)  performed  the 
resilient  modulus  test  on  modified  and  unmodified  mixtures  at 
various  temperatures  ranging  from  -32"C  (26‘F)  to  38*C  (100*P) 
to  evaluate  the  mixture  temperature  susceptibility.  They 
reported  from  this  test  that  there  are  not  significant 
differences  between  low  temperature  performance  of 
conventional  asphalt  and  polymer  modified  binders.  They 
indicated  that  a resilient  modulus  of  approximately  2,000,000 
psi  at  low  temperature  is  the  maximum  value  for  either 
conventional  asphalt  mixes  or  modifisd  asphalt  mixes.  However, 
King  et  al.  [24]  stated  that  polymer  modified  mix  showed 
approximately  lo  percent  lower  complex  moduli  at  low 
temperature  of  -10»C  and  17  percent  higher  modulus  at  high 
temperature  of  40»c  than  that  of  conventional  asphalt  mix. 
Carpenter  et  al,  (25)  conducted  the  dynamic  resilient  modulus 
test  at  temperature  of  4.4*C,  22*C,  and  3S'C  (40*F,  72*P  and 
100«F).  They  indicated  that  polymer-modified  asphalt  binders 
provided  a stiffer  asphalt  concrete  at  elevated  temperatures 
yet  maintained  a stiffness  below  that  of  base  asphalt  at  low 
temperature.  Krater  et  al.  [27]  performed  resilient  modulus 
teat  at  different  temperatures  of  -12*C,  1*C,  25*C,  and  40*C 


(10*F,  34*F,  77*P,and  104*F).  They  stated 
oodiried  Bixturss  show  significantly  betts 
high  tenperature  testing  and  slightly  bettc 
low  temperature  testing. 


The  procedures  for  resilient  modulus 
as  follows: 


let  the  polymer 
perfomence  at 
performance  at 


performed 


controlled  chamber  at  the  specified 


temperature- 
t temperature 
a temperature 


is  stable  before  the  test. 

The  test  specimen  is  placed  into  the  lateral 
deformation  extenscmeter  device  and  the  whole 
diametral  device  is  placed  on  top  of  a 0.5-inch-wide 
steel  loading  strip  and  adjusted  to  be  parallel  and 
well  oentered  on  the  vertical  diametral  plane.  Tha 
diametral  device  consists  of  two  extensometers  with 
gauge  length  extenders,  and  two  specimen  adapter 
brackets,  which  are  checked  to  ensure  that  the 
brackets  contact  the  specimen  all  along  tha  specimen 
side.  A small  pre-load  of  approximately  3%  of  the 
maximum  load  is  first  applied  to  the  specimen  to 
help  to  sit  the  loading  atrip  on  the  specimen  and  to 
maintain  a slight  load  between  each  load  cycle. 

A pulsating  haversine  load  of  approximately  15 


percent 


is  applied 


specinen 


at  a loading  frequency  of  0.33,  0.5,  and 
i.O  Ha  with  a duration  of  0.1  second  for 
preconditioning  the  speciaen. 


rate  of  deformation  of  the  specimen  is  essentially 
constant.  When  preconditioning  is  complete,  the 
computer  software  will  begin  taking  test  data, 
signaling  the  end  of  pre-conditioning.  The  specimen 
is  cycled  (loaded,  unloaded)  five  times  at  the  load, 
frequency  and  load  duration  specified  by  the 
operator.  Whan  testing  at  the  first  cycle  fragueney 
is  complete,  the  test  continues  with  specimen 
preconditioning  and  cycling  at  the  newt  cycle 
frequency.  This  repeats  through  three  cycle 


The  specimen  is  rotated 


degrees  and  the  test 


is  repeated. 

Applied  loads  and  the  horisontal  deformations 
are  measured  through  the  load  cell  as  well  as  the 
deformation  extensometer  system,  respectively.  Both 
load  and  deformation  are  plotted  on  the  computer 
software  automatically.  A typical  load-pulse 
deformation  trace  is  shown  In  Figure  i.l. 

The  average  recoverable  horisontal  deformations  are 


measured  over  at  least  three  loading  cycles  after 
the  repeated  resilient  deformation  become  stable. 


HORIZONTAL  DEFORMATION 


RECOVERABLE  INSTANTANEOUS 

JUClAJi 


JEJlXJLJ- 

LOAD  PULSES  (1  eycl8/Stc) 


TIME 


resilient  aodulus  was  then  calculated  using 
average  values  obtained  by  using  Equation  4.6  or 
4.7,  Table  4.11  displays  a typical  resilient  sodulus 


The  induced  horiaontal  strain  and  applied  vertical  stress 
were  used  to  establish  fracture  energy  (FgJ  values  using  the 
expression: 

F;  ode  (4.B, 


a • applied  vertical  tensile  stress.  Pa 

4 ■ induced  horiaontal  strain 

4q  ■ failure  strain 

Applied  stress  was  calculated  for  each  value  of  the  load 
using  Equation  4.4.  Using  the  corresponding  value  of 
horiiontal  deformation,  the  elastic  modulus  was  calculated 
using  Equation  4.7.  Poisson’s  ratio  was  assumed  as  0.35  tor 
teinperature  of  2S'C  (77*F)  and  O.J  for  tampersture  of  5*c 
(41*F)  |92J. 

Using  the  calculated  values  of  applied  stress  and  elaetic 
modulus,  the  induced  strain  was  obtained  by  the  relation 

< - o/B  (4,9) 

Thus,  for  each  specimen  tested,  ten  data  points  were  ueed 
to  define  the  relationship  between  applied  vertical  stress 
and  induced  horisontal  strain.  The  area  under  this  curvilinear 
f*latlonship  was  calculated  using  the  trapeacidal  rule,  which 
yielded  the  value  of 


fracture  energy. 


4.3  eauipnant  and  Facllitiaa 
This  section  describes  the  equipaant  used  in  this  study. 
They  include  a nixer  which  was  used  to  blend  the  asphalt  with 
BOditiers,  and  a foreed-dratt  oven  which  was  used  to  provide 
the  aging  condition  tor  asphalt  spaciaens,  and  the  testing 
eguipaent  utilized  for  the  strength,  rheology  and  infrared 
spectral  tests. 

4.3.1  Variable-speed  Mlw.c 

A aixer  with  a variable-speed  propeller  was  used  to  blend 
the  asphalt  and  modifiers  in  a guarter-pint  aluminum  can, 
which  was  heated  directly  by  an  electric  heating  plate  where 
the  temperature  is  adjustable.  A conventional  theraoaeter  was 
immersed  in  the  mixture  to  monitor  the  temperature. 


by  flexible  aluminum  air  duct.  A 37 
placed  external  to  the  oven,  in  the  due 
inlet  port  to  provide  the  circulation 
The  oven  teaperature  was  maintained  a- 
help  of  thermostat  switch  and  sensor, 
forced  draft  oven. 


modified  to  enable  air 
e by  providing  a large 

Kre  connected  externally 


t line,  adjacent  t 


figure  4.2  depicts  the 


Figure  4.2  Picture 


4.?.i  HTS  ClQged  Lqqb  Hydraulic  T««tinQ  SVBtgg 

resilient  aodulue,  indirect  tensile  and  fracture 
energy  tests  were  performed  fay  using  the  HTS  closed  loop 
servo-hydraulically  controlled  loading  system.  The  machine 
consists  mainly  of  a control  unit,  load  frame,  load  cell, 
servo-hydraulically  controlled  actuator,  an  environmental 
chamber,  a resilient  modulus  fixture,  control  electronics, 
deformation  measurement  transducers,  and  testing  software, 
which  are  shown  in  Figure  4.3.  Figure  4.4  illustrates  the 
picture  of  servo-hydraulically  controlled  actuactor. 


Two  load  Celle  with  maximum  capacity  of  2000  lb  and  1000 
lb  were  used  for  load  measurements.  The  vortical  displacement 
are  measured  by  using  an  axial  axtensometer  which  was  mounted 
on  the  top  loading  strip.  Horizontal  displacements  are 
measured  through  a diametral  device  as  shown  in  Figure  4.5. 
The  diametral  device  consists  of  two  extensometers  with  gauge 
length  extenders,  and  two  specimen  adapter  brackets.  The 
^fackets  are  machined  to  the  same  radius  as  the  specimen  and 
are  in  contact  with  the  specimen  along  the  side  of  the 
specimen.  In  this  wey,  eeoh  brseket  records  the  maximum 
lateral  extension  that  occurs  on  each  side  of  the  specimen. 
Two  l/2-inch  wide  etainiese  steal  loading  strips  were  used  to 
apply  the  load  to  the  specimen  as  shown  in  Figure  4.8,  The 
loading  stripe  were  curved  at  the  interface  with  the  specimen 
with  a radiue  of  2 inch.  Two  guide  rods  were  used  to  prevent 
any  eccentricity  in  loading. 


of  HTS  machine 


Figure  4.3  Picture 


Figure  4.6  Picture  of  loading  arrangenent 


A Cannon  Schweyer  Constant  Stress  SheOBater  was  used  to 
measure  the  rheological  properties  of  asphalt  blends  at  lower 
temperature  such  as  as*C  (77*PJ  and  lower.  Figure  4.7  shows 
the  rheometer.  A schematic  of  the  test  set-up  is  shown  in 
Figure  4.8.  The  apparatus  consists  of  a nitrogen  gas  operated 
pneumatic  cylinder  which  applied  a apsoific  force  to  the 
plunger  and  foroa  the  sample  through  the  capillary.  Movement 
of  the  plunger  was  measured  by  a LVDT  and  recorded  as  a 
function  of  time.  The  output  voltage  was  digitized  and 
acguired  by  a data  acquleition  system.  The  data  system  was 
operated  on  a IBM  PC-compatible  computer. 

The  sample  tube  is  inserted  into  an  insulated  aluminum 
block  where  the  temperature  is  cooled  or  heated  to  the  desired 
testing  temperature  through  the  refrigeration  unit  with  the 
combination  of  an  electrical  wire  heater. 

Fourier  transform  Infrared  snectroseonv 
An  optical  system  which  uses  an  interferometer  and  a 
dedicated  computer  are  two  major  parts  in  the  Fourier 
Transform  Infrared  (PTIR)  spectrometer.  The  computer  controls 
the  optical  components,  collscte  and  stores  data,  performs 
computations  on  data  and  displays  the  needed  spectra.  The  use 
of  interferometer  in  an  PTIR  spectrophotometer  overcomes  the 
major  disadvantage  of  conventional  spectrophotometer  where  the 
grating  and  prism  is  used. 


Picture  4.7  Picture 


Cannon  Schweyer  rheometer 


n PTIR  apectroneter  ar 

ch  the  interferoDeter  i 
operated  by  scanning  in 
ap  scan  inteferoDeter) , 
the  infrared  bea 


The  najor  distinction 
conventional  spectrometer 
interferometer  and  the  vay 
operated.  The  interferometer 

Blow  continuous  manner  with 
(alow  scanning) , or  rapidly  without  chopping  of  the  infrared 
beam.  The  rapid  scanning  Fourier  transform  spectrophotometer 
with  a Hichelson  Interferometer,  which  was  named  after  the 
inventor,  have  resulted  in  the  widespread  application  of  the 
IR  spectroacopy  to  chemical  analysis  problems. 

The  fact  that  higher  signal-to-noise  ratios  for  spectra 
obtained  under  conditions  of  egual  meaeurement  tine  accounts 
for  the  principal  advantage  of  the  use  of  Pcurier  transform 
infrared  spectroscopy  with  Hichelson  interferometer.  The 
signal-to-noise  advantage  is  a result  both  of  the  concurrent 
measurement  of  the  detector  signal  for  all  resolution  elements 
of  the  spectrum  and  of  the  high  optical  throughput  of  the  FTIR 
spectrophotometer.  Throughput  is  usually  defined  as  the 
product  of  the  area  and  solid  angle  of  the  beam  accepted  by 
the  instrument. 


One  other  basic  advantage  in  the  use  of  the  Hichelson 
interferometer  for  spectrophotometer  ie  the  higher  accureey  in 
frequency  for  spectra  talcen  over  a wide  range  of  frequencies. 


<.3.5.2  Testing  svsten 

The  infrared  apentroBcepy  tesra  vere  run  on  the  Perkln- 
Elner  Model  IGOO  Fourier  Tranefono  Infrared  Spectrophotoaeter . 

an  electronics  eysten  based  on  the  Motorola  68010  Central 
Processing  Unit,  a single-bean  purgeable  saaple  coepartsent, 
a dedicated  keyboard  for  controlling  the  inatruaent  and 
interacting  vitb  the  software.  The  eyaten  offers  a resolution 
of  2 cn ' throughout  the  standard  range  of  7S00  to  LOO  cm  . 
4.9  illustrates  the  syeten  which  was  used, 
ihe  sealed  cell,  vial  and  syringe. 


Figure  4.9  Picture 


Figure  4.10  Picture 


and  syringe 


CHAPTER  5 

EFFECTS  OF  MODIFIERS  ON  TEMPERATURE  BUSCBPTIBILITI  AND 
AGING  CHARACTERISTICS 

5.1  Introduction 


susceptibility  and  short-term  agLag  characteristics  of  typical 


asphalt  cements.  The  high-temperature  and  lov-tenperature 
potential  performance  of  the  modified  asphalts  were  also 


presented  is  an  enplrlcal  plot  of  I09  viacoaity  as  a function 
of  tsmparatuce  and  the  second  is  penetration  viscosity  number 
(PVN) . Bitumen  Test  Data  Chart  (BTSC)  will  be  used  as  the 
third  alternative. 

s.2.1  Viecoeitv  Temperature  Susceptibility 

The  viscosities  of  the  original  unmodified  asphalts  at 
the  various  different  tempecBtures  were  plotted  in  accordance 
with  ASTK  02493  to  evaluate  the  temperature  susceptibility  of 
these  materials.  Linear  regreeeion  analysis  was  performed  to 
determine  a best-fitted  line  to  relate  viscosity  to 

regression  eguation  used  was  of  the  following  fora: 


LogLog  (•)  ■ A ♦ B Log  (T)  (5.1) 

■ ■ viscosity  in  poises  or  stokes 

T “ absolute  temperature  in  *R 

A more  negative  slope  would  indicate  a higher  temperature 
susceptibility.  Figure  5.1  shows  the  plots  of  viscosities 
verus  temperatures  for  the  original  unmodified  AC-20  and  the 
EVA  modified  AC-20  asphalts.  Figure  S.2  shows  simillar  plots 
for  the  original  unmodified  AC-30  and  AC-30  modified  with 
different  amounts  of  GTR-BO.  Appendixes  B-1  illustrate 
similiar  plots  for  the  rest  of  different  modified  asphalts.  As 
seen  from  the  slopes  of  the  visoosity-temperature  plots,  all 
of  the  modifiers  studied  demonstrated  the  ability  to 


Logl/og  (Vis 
LogLog(Vis 
LogLog(Vl9 
LogZ»og(Vifl 


’ - K.997Log(Teil 
L - «.J«4Log(TM 
i - 6.0$lLc^(TeiT 
I - 5.21$iLog(Te 


»ity  ir 


ReqrgBglon  Etniatlon 


LogLog (Vis)*  ] 
LogLog(Vie)=  ] 
LogLog(Vls)-  J 
LogLog(Vie)«  I 


8 - S.SStLogCTexp) 
7 - 5.4»8Log(Tenp) 


substantially  alter  the  teaperatura  susceptibility  of  the 
asphalt  cements.  The  degree  of  alteration  is  highly  dependent 
on  the  type  of  modifiers  and  the  cheaical  composition  of  the 
asphalt  oament.  Senerally,  the  higher  the  modifier 
concentration,  the  lower  the  temperature  susceptibility  would 
be.  Basically,  AC-30  asphalt  with  10  percent  carbon  black  has 
a similar  temperature  susceptibility  to  that  of  AC-30  asphalt 
with  5 percent  gilsonite  and  AC-30  asphalt  with  2 percent  GTR- 
60  for  the  temperature  range  of  5"C  [41“F)  to  13S*C  (27S*F)  . 
Based  on  the  viscosity  temperature  susceptibility  from  5‘C 
(4l"F)  to  135*C  (275*F),  the  addition  of  5 percent  carbon 
black  to  the  AC-30  control  asphalt  showed  the  least  influence 
on  temperature  susceptibility  among  all  the  modifiers  studied. 


Pen-Vis  number  {PVM)  is  based  on  the  penetration  at  25'C 
(77»F)  and  the  corresponding  viscosity  at  135»C  (275*F)  of 
paving  asphalts  [93).  it  is  a means  of  evaluating  the 
temperature  susceptibility  of  asphalts.  It  is  defined  by  the 
following  eguation; 


00-0.79S70logP)-(LogV) ] 


35800-0. 79«70LogP) - (3 , 46289-0 . 6i094LogP) ] 

■ kinematic  viscosity  in  centistokes  measured  i 


■ Penetration  a 


unmodified 


sptlbllltlc 


asphalt.  The  BTSC  plots  of  the  other  different  modified 
5.3  Effects  of  Hodlfiere  on  wish  Temperature  characteristics 


viscosity 


Problsas  occurred  when  conventional 
oeasuresents  were  made  on  the  coarse  ground  tire  rubber 
modified  binders  at  135"C  (275*F] . In  some  case,  the  Cannon 
capillary  tubes  were  clogged  during  the  test,  resulting  in 
> results.  Therefore,  a straight  walled  cylinder 
usmeter  was  used  to  measure  the  viscosity  at  the 
temperature  of  13S*c  (27S”P).  The  test  results  are  also  shown 
in  Appendix  B.4. 

According  to  the  Asphalt  Institute,  the  optimum  mixing 
temperature  of  asphalt  concrete  mixtures  should  be  at  a 
viscosity  of  1.7  1 0.2  poise.  All  of  the  modifiers  usad  in 
this  study  produce  a eignificant  increase  in  the  135*C  (275*F) 

asphalt  such  as  AC-5  is  used  with  the  modifiers,  the  135*C 
(275*P)  viscosity  of  the  blend  is  still  greatsr  than  that  of 
the  usual  grade  asphalt.  The  optimum  mixing  temperatures  for 
the  different  binders  to  be  used  in  the  asphalt  mixtures  as 
determined  from  the  8TDC  plots  vary  from  1S«°C  to  210*C  (310*F 
to  410*P]  , which  are  substantially  higher  than  that  for  a 
conventional  asphalt.  In  order  to  reduce  the  variation  of 
mixing  temperatures  used  in  this  study,  only  three  different 
mixing  temperatures,  namely,  149*C,  156*C  , end  191”C  (30D‘, 


S.4  Effacta  of  HodifiTg  on  Low-Teaixratiire  cnaracteristlc« 

The  effects  of  modifiers  on  low-temperature  performance 
of  the  bindere  were  evaluated  by  means  of  penetration  and 
viscosities  at  low  temperatures,  constant  power  viscosities  at 
low  temperatures  of  S*C  (41*F)  and  25*C  (77'F)  of  the  typical 
asphalt  cements  with  different  amounts  of  different  types  of 
modifiers  are  9iven  in  Appendix  B.5.  The  effects  of  aging  by 
means  of  the  thin  film  oven  test  (TFOT)  at  temperature  of 
i€3*C  (325*F)  on  these  two  low-temperature  viscoeities  are 
shown  in  Appendix  B.6. 

Statistical  nsthod  ANOVA  was  used  to  analyze  the  constant 
power  viscosity  of  the  original  modified  asphalts  at 
temperatures  of  5*  and  25*C  (41*  and  77*Fj.  A one-factor 
fixed-effect  model  waa  used  to  evaluate  the  difference  between 
the  different  asphalt  blends.  The  statistical  model  used  is  as 


y^j  - the  response  of  replicate  of  i"'  asphalt 

Af  - main  effect  of  1*'’  asphalt  blend 

Since  the  test  data  did  not  meet  the  assumption  of 


homogeneity 


transforned 


transformed 


would  meet  the  requirement  of  homoqsneity  of  variance.  AHOVA 
was  performed  on  the  logarithms  of  the  test  data,  which  met 
the  requirement  of  homogeneity  of  variance.  The  results  of 
ANOVA  indicated  that  the  effect  of  type  of  asphalt  blends  on 
the  constant  power  viscosity  at  5»C  (4X»F)  is  significant  at 
an  o level  of  5 percent.  Subsequently,  a Duncan's  Hultiple 
Range  test  was  applied  to  compare  the  means  for  different 
types  of  asphalt  blends.  Table  5.1  shows  the  Duncan's  grouping 
of  the  original  modified  asphalts  on  the  basis  of  logarithm  of 
constant  power  viseoaity  at  S'C  The  test  results 
indicated  that  gilsonite  showed  the  most  influence  among  all 
the  modifiers  on  the  constant  power  viscosity  of  AC-30, 
whereas  ths  Carbon  blach  influenced  the  constant  power 


S.2  shows  the  Duncan's  grouping  of  the  original  modified 
asphalts  on  the  basis  of  logarithm  of  constant  power  viscosity 
at  35*C  (77*f)  . All  of  the  modified  asphalts  increased  the 
constant  power  viscosity  of  AC-30  and  AC-20  at  25*C  (77"P). 
Carbon  black  influenced  the  constant  power  viscosity  of  AC-20 
and  AC-30  at  25'C  (77*P)  the  least.  SESS  influenced  the 
constant  power  viscoelty  of  AC-20  and  AC-5  asphalts  at  25*C 
(77*F)  the  most,  it  can  be  seen  that  the  modifier  SEBS 
e constant  power  viscosity  at  25'C  (77*F)  of  both 


ss-;f 


Penetration  along  with  penetration  ratio  of  all  asphalt 
blends  at  both  4*C  (39.2*F)  and  25’C  (77°P)  are  presented  in 
Appendix  B.7.  The  influence  of  aging  by  the  thin  film  oven 
test  (TPOT)  at  teoperature  of  ld3*C  (325’F)  on  penetration  are 

Additions  of  5 percent  and  10  percent  of  carbon  blacA 
influenced  the  penetration  the  least  at  both  4*C  C39.2'P)  and 
2S*C  <77*F] . All  aodifiers  decreased  the  penetration  at  25*c 
(77*F).  All  of  the  modifiers  shoved  no  significant  influence 
on  the  lov  tamperature  penetration. 

5.5  Effects  of  Modifiers  on  Aoina  Characteristics 
5.5.1  viscosity  Ratio  and  Percent  Penetration  Retained 

The  effect  of  asphalt  aging  is  often  expressed  by  means 
of  aging  index.  The  aging  index  is  defined  as  the  ratio  of  the 
viscosities  after  aging  to  the  viscosities  before  aging.  It  is 
a measure  of  structuring  from  age  hardening  which  is  caused  by 
a combination  of  oxidation  and  the  increase  in  the  molecular 
interactions.  Viscosity  ratio  at  temperatures  of  60^C,  135^C, 
and  percent  penetration  retained  at  2S*c  <77*F]  are  displayed 
in  Figures  5.5  through  5.7.  as  seen  from  these  figures,  the 
control  AC-30  asphalt  modifed  with  fine  ground  tire  rubber, 
thermoplastic  block  copolymer  5EB5  and  thermoplastic  polymer 
EVA  are  slightly  less  susceptible  to  age  hardening  than  those 
of  carJoon  black  modified,  gilsonite  modified  and  unmodified 
AC-30  asphalts.  Among  all  the  modifiers  evaluated,  the 


asphalts 


therooplastic  block  copolyner  SEES  reduced  the  aging  index  of 

polyner  ie  significantly  lower  than  that  of  the  unmodified  AC** 
30  or  the  AC-20  control  asphalts.  This  indicated  that  the 
addition  of  thermoplastic  block  copolymer  to  asphaltic  binder 
significantly  improved  the  durability  of  the  asphalt. 

Basically^  modifiers  can  influence  the  aging 
characteristics  by  various  mechanisms.  They  nay  restrict  the 
oxidation  or  undergo  oxidation  through  the  catalytic  effect. 
For  example,  the  asphalt  modified  with  fine  ground  tire  rubber 
significantly  lowered  the  aging  index.  It  ie  believed  that  the 
antioxidants  in  the  rubber  is  the  cause  for  the  decrease  of 

5.5^2  infrared  Soectroscopy 

Infrared  Spectral  analyses  were  performed  on  all  modified 
and  unmodified  asphalts  before  and  after  aging.  Recent 
research  done  at  the  University  of  Florida  [SS,87]  on  the  use 
of  infrared  techniques  indicated  that  as  the  level  of 
oxidation  increase,  the  carbonyl  absorption  in  the  1700  cm 
region  increases.  This  is  due  to  increasing  concentration  of 
ketones  and  anhydrides.  Also,  carbonyl  absorption  of  acid 
types  occurs  at  about  1730  cm*  . Basically,  ketones,  sulfoxides 
and  anhydrides  are  formed  on  oxidative  aging  and  carboxylic 
acids  occur  naturally  in  the  asphalt  but  increase  on  oxidative 
aging.  Ketones  and  sulfoxides  are  the  major  oxygen-containing 
functionalities  produced  in  asphalts  during  oxidative  aging. 


Ketones  are  not  naturally  occurring  in  petroleum  but  are 
easily  formed  upon  exposure  to  atmospheric  oxygen  and  are  very 
unstable  at  high  temperatures.  Since  these  four  functional 
groups  are  the  most  significant  chemical  functionalities  which 
can  be  related  to  oxidative  aging,  examination  of  the  infrared 
spectra  of  the  asphalt  blends  before  and  after  aging  were  done 
with  particular  reference  to  them.  Study  of  the  spectra  from 
unmodified  asphalts  and  modified  asphalts  indicated  that  the 
aging  mechanism  of  the  asphalt  was  not  significantly  altered 
by  the  presence  of  the  modifiers  (see  Figure  S.8].  Therefore, 
the  carbonyl  ratio,  which  is  the  ratio  of  absorbance  at  1700 
cm ' and  1600  cm and  which  has  been  used  to  express  the 
level  of  oxidation  for  asphalt,  can  also  be  used  to  evaluate 
the  oxidation  of  modified  asphalts.  The  EVA  resin 
concentration  was  monitored  by  following  the  peak  intensity  of 
the  carbonyl  band  of  its  acetate  functionality,  which  occurs 
at  about  1736  cm  (see  Figure  5.9).  Comparison  of  the  acetate 
band  peak  intensities  of  the  aged  and  unaged  EVA  modified 
asphalts  (see  Figure  S.IO)  showed  that  absorbance  at 
wavan\imber  of  1736.6  cm-1  decreased  from  0.5057  to  0.3907 
after  aging.  However,  this  difference  was  automatically 
canceled  in  the  calculation  of  carbonyl  ratio.  The  results  of 
the  infrared  spectroscopy  on  the  original  and  aged  modified 
asphalts  and  unmodified  asphalts  are  shown  in  Appendix  B.6. 

AHOVA  was  performed  on  the  results  of  the  infrared 
spectroscopic  analyses  on  original  and  aged  modified  asphalts. 


The  results  of  AKOVA  on  the  carbonyl  ratios  of  the  original 
and  aged  DOdlfied  asphalts  Indicated  that  the  effect  of  the 
type  of  asphalt  blends  on  carbonyl  ratio  is  significant  at  an 
a level  of  5 percent.  The  Duncan's  grouping  of  the  original 
and  aged  nodified  asphalts  on  the  basis  of  carbonyl  ratio  are 
shown  in  Tables  5.3  and  5.4,  respectively.  It  is  seen  that 
SEBS  block  copolymer  has  the  least  influence  on  the  carbonyl 

showed  the  most  influence  among  all  the  modifiers. 


the  major  findings  are  summarized  as  follows: 

1.  The  properties  of  an  asphalt  binder  can  be  improved 
by  addition  of  gilsonite,  carbon  black,  and  polymers 
modifiers.  The  degree  of  Improvement  is  dependent  on 
the  types  of  modifiers  and  amount  of  modifiers  used. 

2.  The  temperature  susceptibility  of  the  modified 
asphalts  wee  significantly  lower  than  the 
conventional  asphalt  as  evaluated  by  the  viscosity* 
temperature  susceptibility  (VTS) , penetration 
viscosity  number  (PVN) , and  Bitumen  Test  Data  Chart 
(BTDC)  plots. 

3.  The  required  mixing  temperatures  for  modified 
asphalts  mixtures  are  generally  higher  than  that  of 
conventional  asphalt  mixtures  on  the  basis  of 
viscosity  measurements. 
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Based  on  the  results  of  infrared  spectroscopy  teat, 
viscosity  ratios  and  peroent  penetration  retained, 
none  of  the  noditiers  greatly  affected  the  oxidation 
potential  of  the  asphalts  with  the  exception  of  SBR 
which  showed  evidence  of  increased  reactivity  with 
oxygen. 


Standard  kinematic  viscosity  test  by  means  of  Cannon 
capillary  tubes  are  unsuitable  tor  asphalts  modified 
with  coarse  ground  tire  rubber  as  this  material  will 
cause  the  clogging  of  the  tubes.  A straight  walled 
cylinder  rotational  viscometer  was  found  to  be 
suitable  for  this  purpose. 


SEBS  to  AC-5  control  asphalt  binder  appears  to 
impart  desirable  low  and  high  temperature  properties 
to  the  original  asphalt. 

The  AC-S  * 3.5%  SEBS  showed  the  lowest  aging  index 
based  on  absolute,  kinematic  viscosity  and  infrared 


modified  asphalts. 

The  addition  of  5%  GTB-60  to  AC-30  control  asphalt 
produced  the  highest  percent  penetration  retained 
when  compared  with  other  modified  asphalts. 

The  addition  of  3.5%  of  SBR  to  the  AC-30  control 
asphalt  produced  the  highest  percent  penetration 
retained,  lowest  aging  index,  and  adequately  reduced 


compared 


temperature  eueceptibility  when 
modified  vith  3t  and  5%  of  5BR. 

7he  addition  of  6t  EVA  to  the  AC-20  control  asphalt 
resulted  in  the  highest  FVN  value,  highest 
penetration  retained,  lowest  absolute  viscosity 
ratio,  lowest  temperature  susceptibility  and 
increased  absolute  visooeity  at  140°F  by  a factor  of 
two  when  compared  with  those  modified  with  3t  and  5t 

Asphalts  of  the  same  grade  modified  with  different 
types  of  modifiers  can  have  very  different 
rheological  properties  at  either  low  or  high 
temperature. 


CHAPTER  « 

EFFECTS  Of  TFOT  AND  RTFOT  OH  MODIFIED  ASPHALTS 
6.1  Intreductien 

Due  to  the  United  experience  vith  nodifled  esphelt 
bindersi  long-tem  perfomance  data  are  lacking,  one  concern 
about  these  naterials  is  the  durability. 

The  Thin  Filn  Oven  Test  (TFOT)  and  Rolling  Thin  riln  oven 
Test  (RTFOT)  were  conducted  at  elevated  tenperatures  to 
evaluate  the  long-term  perfomance  of  these  binders  and  also 
to  identify  the  optinum  usage  of  these  new  asphalt  blends. 
Although  recent  research  done  by  the  strategic  Highway 
Research  Program  (SHRP)  Asphalt  Research  [S3]  appears  to  show 
that  thin  filn  accelerated  aging  test  (TFAAT)  , nodified  RTFOT, 
and  POV  combined  with  TFOT  night  provide  better  indicators  of 
the  aging  characteristics  of  asphalts,  these  conventional 
tests  are  still  important  because  they  provide  conveniently 
obtained  information  which  could  be  used  in  selecting 
modifiers  for  different  asphalts.  The  appropriateness  of  using 
the  TFOT  and  RTFOT  for  simulation  of  the  long-term  aging 
process  was  also  investigated. 

The  detail  experimental  progran  has  been  previously 
presented  in  Chapter  3. 


statistical  analysia  using  ths  ANOVA  tschnique  was  used 
to  determine  whether  the  effects  of  main  factors  and 
interactions  of  factors  were  significant. 

The  effects  of  asphalt  blend  type,  oven  type,  and  oven 
temperature  were  studied  by  means  of  this  design.  The  test 
results  from  the  binder  tests  were  analyzed  as  results  of  a 
factorial  experiment  consisting  of  nine  types  of  asphalt 
blends,  three  levels  of  temperature,  and  two  types  of  ovens. 
In  this  study,  the  concern  is  only  for  these  nine  asphalt 
blends,  three  temperatures,  and  two  types  of  ovens.  Therefore, 
asphalt,  temperature,  and  oven  types  are  regarded  as  fixed 

The  following  linear  model  is  assumed  for  any  single 
the  experiment: 


I-  (A0)„  [AT)  I,  + (0T)„  + 


response  of  i 
temperature 

main  effect  o 


temperature 


(AO)i,  - effect  of  the  interaction  at  the  i'" 

asphalt  and  oven 

(AT){fc  = effect  of  the  interaction  of  the 

asphalt  and  k"'  temperature 

(0T)„  ■ effect  of  the  interaction  of  the  j'"  oven 

and  k**'  temperature 
* experimental  error 

SAS/5TAT  computer  software  was  used  to  perform  the 
analysis.  A probability  of  error  (e)  of  0.5  was  used, 
comparison  of  means  were  done  by  Duncan's  multiple-range  test 
at  a significance  level  of  0.05. 

6.1  AQina  Characteristics  as  Observed  from  the  Panetration- 

One  method  of  characterizing  the  changes  in  properties  of 
an  asphalt  binder  as  it  ages  is  to  plot  the  relationship 
between  penetration  (at  2S  *C)  and  absolute  viscosity  (at  60 
*C)  as  the  binder  ages  [7B]  . This  method  was  used  to 
investigate  whether  the  laboratory-aged  binders  had  similar 
characteristics  as  the  field-aged  binders.  Data  from  previous 
research  study  [65,86,87]  were  used  in  this  analysis,  In  the 
previous  study,  an  AC-20  has  been  used  as  a binder  in  an 
actual  paving  project  in  Florida.  The  same  asphalt  has  been 
sampled  and  processed  by  the  TFOT  and  RTFOT  at  different 
temperatures.  Figure  6.1  shows  the  pen-vis  plots  of  the 
binders  which  had  been  aged  by  the  TFOT  and  RTFOT  at  different 
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recovered 


tanperatures  along  with  those  which  had  been 
the  cored  aanples  at  different  ages.  It  can  be  seen  that  the 
laboratory  aged  binders  have  sinilar  characteristics  as  the 
field-aged  binders  since  they  all  fall  on  the  sane  curve.  A 
nonlinear  nodel  was  used  to  detemine  a best-fitted  curve  to 
characterize  the  penetration-  viscosity  relationship  over  the 
long-tem  aging  domain.  The  equation  used  was  of  the 
following  fom: 


Log(pen.)  - ” («.l) 


pen.  = penetration  at  25  *C  (77  •F),  O.lnm 
vis.  * viscosity  at  60  *C  (140  "F) , poise 
Results  of  regressicn  analyses  show  that  the  exponent  C 
is  approximately  equal  to  -0.20.  As  seen  from  Figure  6.1,  it 
appears  to  be  appropriate  to  use  a high  process  temperature  to 
simulate  long-term  aging  in  the  field,  since  the 
characteristics  of  the  aged  binders  are  similar  to  one 
another.  It  was  observed  that  the  RTFOT  aging  process 
performed  at  temperature  of  ISO  (365  *’F)  can  simulate  a 
one-year  field  aging  under  typical  Florida  conditions.  The 


relationship  for  the  modified  asphalts,  which  are  shown  in 
Figure  6.2.  As  seen  from  Figure  6.2,  the  aging  trend  of  the 
fine  ground  tire  rubber  modified  asphalt  is  similar  to  that  of 
the  SBR  modified  asphalt  when  they  were  aged  by  means  of  the 


TPOT  and  RTFOT  processes.  The  aging  trend  of  SBR  and  GTR-80 
modified  AC-30  tends  to  be  shifted  parallei  from  that  for  the 
original  unmodified  AC-30  asphalt. 


6,«  Temperature  Suscemtlbilitv  as  Measured  by  PVW' 
Temperature  susceptibility  of  a paving  asphalt  has  been 

change  in  temperature.  This  parameter  can  be  used  to  describe 

range  of  temperature.  A penetration-viacosity  number  (PVN') 
based  on  the  penetration  at  25  *C  (77  *P)  and  the 

corresponding  viscosity  at  60  *C  (140  *P}  of  paving  asphalts 
was  used  to  evaluate  the  temperature  susceptibility  of  the 
modified  asphalts.  It  is  defined  by  the  following  equation 
[69]; 


V ■ Absolute  viscosity  in  paisas  at  60 
P - Penetration  at  25  *C  (77  'F) . 

A high  value  of  PVN*  would  indicate  thf 
ow  temperature  susceptibility. 

The  results  of  absolute  viscosity  are  shown  in  Append 
. Table  6.1  shove  the  PVN's  of  the  original  and  that 
r and  RTFOT  residues  for  the  modified  asphalt  blends. 


generally  increesea 


aging  procese  tend  to  lower  the  tenperature  ausceptitaility  of 
the  modified  asphalt  blende. 

Comparison  of  each  main  effect  waa  done  by  means  of 
Duncan's  multiple-range  teat  at  a significant  level  of  0.05. 
The  results  of  the  Duncan's  test,  which  are  given  in  Table 
6.2,  indicate  that  5BBS  lowers  the  temperature  susceptibility 
of  the  base  asphalt  the  most,  while  EVA  reduces  it  the  least 
as  measured  by  pen-vis  number. 

The  change  in  temperature  susceptibility  of  the  modified 
asphalt  with  aging  can  also  be  observed  from  the  viscosity- 
temperature  plots  for  the  original  and  aged  asphalt  blends.  It 
was  observed  that  the  shape  of  the  viscosity-temperature 
relationship  of  the  TFOT  residue  was  slightly  different  from 
that  for  the  original  asphalt.  As  seen  from  Figure  6.3,  the 
temperature  susceptibility  of  the  aged  modified  asphalt  blends 
is  slightly  lower  than  that  of  the  original  unaged  modified 
asphalt  blends.  This  trend  is  different  from  that  of  the 
unmodified  asphalt  where  the  shape  of  viscosity-temperature 
plot  is  shifted  parallel  after  the  TFOT  aging  process  [14J. 
This  difference  becomes  more  apparent  as  the  oven  temperature 
increased.  This  might  be  due  to  the  Imparted  elastic 
properties  of  the  modifiers  in  the 
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The  results  of  the  penetration  tests  at  temperatures  of 
4 and  25  *C  {39.2  and  77  •P)  are  given  in  Appendixes  C-2  and 
c-3,  respectively.  Appendixes  c-4  and  c-5  show  the  percent 
penetration  retained  at  two  temperatures.  It  was  observed  that 
the  coarse  ground  tire  rubber  modified  asphalt  binders  spilled 
out  from  the  bottles  during  the  RTPOT  process.  It  was 
therefore  concluded  that  the  RTPOT  process  was  not  suitable 
for  the  ooarse  ground  tire  rubber  modified  asphalts. 

Results  of  ANOVA  on  the  percent  penetration  retained  at 
temperatures  of  4 and  25  *C  (39.2  and  77  *P)  are  given  in 


Tables  6.3  and  6.4,  respectively.  Table  6.3  shows  that  all 
three  main  effects  and  the  interaction  effects  are 


significant,  with  the  exception  of  the  interaction  of  oven 
type  and  temperature.  The  insignificance  of  the  interaction 
between  oven  type  and  temperature  means  that  the  difference 
between  the  TFOT  and  RTPOT  is  not  dependent  on  the  oven 
temperature.  Prom  Appendixes  c-3  and  C-5,  it  can  be  seen  that 
the  AC-20  blended  with  EVA  has  the  lowest  percent  penetration 
retained  value,  and  the  AC-30  blended  with  floe  ground  tire 
rubber  has  the  highest  value.  This  indicates  that  the  ground 
tire  rubber  modifier  provides  the  beet  anti-aging 
characteristics  when  compared  with  the  other  modifiers.  It  is 
also  seen  that  the  RTPOT  is  a more  severe  aging  process  than 


asphalt  blends  studied. 
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The  most  iaportant  purpose  of  Schueyer  r 
to  oharacterise  the  rheological  behavior  o 
service  tenperatures. 

Appendixes  C-6  and  C-7  display  the  results  o 
rheoeeter  tests  at  temperatures  of  S *C  {41  *P)  anc 
•P) , respectively. 

Since  the  original  viscosities  are  quite  different  from 
each  other,  it  is  more  appropriate  to  use  the  viscosity  ratios 
in  the  analysis.  Results  of  ANOVA  on  the  constant  power 
viscosity  ratios  at  5 and  2S  “C  (41  and  77  •P)  are  summarized 
in  Tables  S.S  and  e.«,  respectively.  From  Table  S.5,  it  is 


seen  that  the  main  effect  of  ove 
between  asphalt  blends  and  oi 
significant.  This  indicates  that 
significant  different  from  one 
constant  power  viscosity  ratio  fc 
the  temperature  of  5 *C  (41  ^F)  . 


en  temperatures  are  not 
the  TPOT  and  RTFOT  are  not 
another  on  the  basis  of 
r the  modified  asphalts  at 
However,  on  the  basis  of 


viscosity  at  25  'C  (77  •?)  (Table  8.6)  , all  three  main  effects 
and  the  interaction  effects  except  for  the  interaction  between 
asphalt  and  oven  temperature  are  significant. 

The  comparison  of  the  two  types  of  oven  was  dona  at  three 
different  temperatures  by  means  of  Duncan's  multiple-range 
test  at  a significance  level  of  0.05.  Table  6.7  shows  the 
results  of  the  Duncan's  test.  The  test  results  show  that  the 
RTFOT  produces  a more  severe  aging  effect  than  the  TPOT  at  all 
three  oven  temperatures. 
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i analysis  results  indicate  that  the  process 
96  *c  f385  *F)  gives  a significantly  more 
n the  other  two  process  temperatures  for  both 

')  are  not  significantly  different  from  one 


6.7  Aging  Characteristics  as  Observed  from  Results  of  Infrared 
spectroscopy 

The  most  important  purpose  of  infrared  spectroscopy  is  to 
identify  the  changes  in  functional  groups  of  asphalt  after 
aging.  Study  of  the  infrared  spectrum  indicates  that  the 
infrared  absorption  spectrum  between  1600  cm  and  1900  cm  is 
of  particular  interest  since  it  contains  the  absorption  bands 
for  Che  functional  groups  of  carboxylic  acids.  Xetones,  and 
anhydrides  [74,75].  Ketones  and  an  hydrides  are  formed  in 
asphalt  on  oxidative  aging,  while  carboxylic  acids  occur 
naturally  in  asphalt  but  increase  in  amount  on  oxidative 
aging.  Mso.  the  absorbance  band  centering  at  about  1600  cm' 
can  be  assumed  to  bs  fairly  constant,  since  it  results 
primarily  from  aromatic  carbon-carbon  double  bonds  which  are 

the  carbonyl  ratio,  which  is  the  ratio  of  absorbance  at  1700 
cm  ' and  1600  cm  ',  was  used  to  indicate  the  level  of  oxidation 


of  cho  binders.  The  chenge  in  oxidation  ievel  due  to  TPOT  and 
RTFDT  aging  was  expressed  by  means  of  carbonyl  ratio  Indexes, 
which  is  the  ratio  of  the  aged  carbonyl  ratio  to  the  original 


The  results  o 


ratio  indices,  which 


3 infrared  spectroscopy  tests  are  given 
C-9.  Results  of  ANOVA  on  the  carbonyl 
are  summarized  in  Table  6.9,  indicate 
effects  and  interaction  effects  are 


significant. 

comparison  of  the  effects  • 
different  tanparatures  by  means  > 
test  at  a significance  level  of  0. 


oven  type  was  done  at 
Duncan's  multiple-range 


summarized  in  Table  6.10,  indicate  t 
and  RTFOT  are  significantly  different  at  any  of  three  oven 
temperatures.  Also,  the  results  from  the  comparison  of 
temperatures  at  oven  type  by  means  of  Duncan's  test,  which  are 
given  in  Table  6.11,  indicate  that  the  effects  of  temperatures 
are  significantly  different  from  each  other  for  both  oven 
types. 


The  major  findings  for  this  study  on  modified  asphalt 


It  appears  that  the  RTFOT  aging  process  performed  at  a 
temperature  of  185  *C  (365  *F]  can  simulate  a one-year 
field  aging  effect  under  typical  Florida  conditions. 


»sptialtB  Wodltli 


The  tenperature  auaceptiblllty  of  nodified  asphalt  blends 


decreases  slightly  after  the  TFOT  or  BTPOT  aging  process 
as  deteroined  by  the  viscosity-tenperature  plots  and  the 
pen-vis  nunbers  (PVN’}  that  are  based  on  penetration  at 
25  *C  (77  ’F)  and  absolute  viscosity  at  60  'C  (140  'F) . 
Modified  AC-30  asphalts  appear  to  have  lower  aging  rate 
than  those  of  the  nodified  AC-5  asphalts.  However, 
nodification  of  AC-5  gives  the  nest  benefits  in  terms  of 
lowering  the  temperature  susceptibility  of  the  asphalt 


sre  severe  aging  process  than  the  TFOT  at 
a process  temperatures  as  seen  from  the 
id  absolute  viscosity  ratio 


of  the  aged  modified  asphalts. 

The  TFOT  and  RTFOT  are  not  significantly  different  from 


one  another  as  seen  from  the  low-temperature  constant 
power  viscosity  ratio  of  the  aged  modified  asphalts. 

The  RTFOT  was  not  suitable  for  use  on  the  coarse  ground 
tire  rubber  modified  asphalts  because  the  modified 
asphalt  binders  spilled  out  from  the  bottles  during  the 

Modifier  5EBS  lowers  the  temperature  susceptibility  of 


the  asphalts  th 
susceptibility 


temperature 


On  the  basis  of  carbonyl  ratio,  the  effects  of  TPOT  and 
RTFOT  are  significantly  different  at  all  three  oven 


basis  of  aging  characteristics  include  (1)  AC-20  3.S» 

SEBS,  {2)  AC-30  5»  SEES,  and  (3)  AC-30  + St  GTR-80. 


RESULTS 


CHAPTER  7 

OF  HIXTURE  STRENGTH  TESTS 
7.1  Introduction 


An  experlDental  progrsB  was  conducted  to  evaluate 
different  modifiers  on  the  effects  of  indirect  tensile 
strength,  resilient  modulus  and  fracture  energy  using  Marshall 
denae-graded  and  open-graded  specimens.  In  addition, 
evaluation  of  aging  characteristics  of  modified  asphalt 
mixtures  hy  means  of  strength  ratio  and  modulus  ratio  will  be 
performed  in  this  section.  The  detailed  program  has  been 
presented  in  Chapter  3. 


Statistical  analysis  using  the  AMOVA  technique  was  used 
to  determine  whether  the  effect  cf  main  factors  and 
interactions  of  factors  are  significant. 

The  effects  of  asphalt  blend  type  and  exposure  duration 
were  evaluated  at  each  fixed  forced-draft  oven  or  natural 
sunlight  exposure  condition.  The  statistical  model  for  this 
design  is  as  follow: 

- p + A,  ♦ Bj  + (AE),j  + e,i, 


asphalt  and  j'''  exposure  duration 

main  effect  of  the  asphalt  blend 
main  effect  of  the  j exposure  duration 
the  effect  of  the  interaction  of  the  i* 
asphalt  and  exposure  duration 
experinental  error 

7.3  effects  of  Hodifiers  on  the  Besllient  Hodulus 
The  resilient  nodulue  of  an  asphalt  concrete  can  directly 
be  related  to  the  structural  contribution  of  that  layer  or 
that  component  of  the  pavement.  The  resilient  modulus  is 
defined  as  the  ratio  of  applied  stress  to  corresponding 
recoverable  strain  during  repeated  loading.  Mixtures  with  high 
resilient  modulus  at  the  low  temperature  are  considered  to  be 
too  brittle  to  resist  craching  caused  by  thermal  and  load 
effects.  It  also  has  been  found  that  the  resilient  modulus 
versus  temperaturs  relationship  could  be  employed  to  aid  the 
quality  control  of  the  asphalt  concrete  mixtures  over  the 

This  section  presents  the  evaluation  of  the  influence  of 
modifiers  on  the  resilient  modulus  of  different  types  of 
mixtures.  The  effects  of  testing  cycle  frequency  and  rotation 


Results  of  the  resilient  modulus  tests  on  both  dense- 
graded  and  open-graded  mixtures  at  temperatures  of  5”C  (4l*P) 
and  25"C  (77"F)  are  tabulated  in  Appendixes  D-l  and  D-a. 
respectively.  Statistical  analysis  using  the  ANOVA  technique 
was  employed  to  determine  the  significance  of  the  effects  of 
test  cycle  frequency  and  test  specimen  rotation  on  the 
measured  total  resilient  modulus.  Duncan's  multiple  comparison 
test  vere  performed  on  the  significant  main  factors.  The 
results  are  also  shown  in  Appendixes  D-l  and  D-2  along  with 
the  resilient  modulus  values  for  each  mixture. 

The  results  indicate  that  the  rctation  of  specimen  during 
the  test  appears  to  have  a significant  effect  on  the  measured 
total  resilient  modulus  at  5”C  (4l*F)  of  the  unmodified  and 
modified  dense-graded  asphalt  mixtures.  The  measured  resilient 
modulus  after  90*  rotation  is  generally  less  than  that 
measured  at  the  initial  position.  At  temperature  of  25*C 
(77*F),  the  resilient  modulus  of  the  SBR,  EVA,  and  S£BS 
modified  asphalt  mixtures  after  90'  rotation  is  generally 
greater  than  that  measured  at  the  initial  position.  This  might 


in  an  increase  in  resilient  modulus. 

The  effect  of  the  test  cycle  frequency  on  the  measured 
total  resilient  modulus  at  temperature  of  5*C  (41'F)  is  not 
significant  for  either  the  unmodified  or  the  modified  asphalt 


mixtures.  It  appears  that  the  elastic  property  of  the  material 
become  more  apparent  at  this  low  temperature.  However,  at 
temperature  of  Z5*C  {77»p),  the  resilient  modulus  appears  to 
increase  slightly  as  the  cycle  frequency  increases.  This 
observation  is  more  noticeable  among  the  polymer  modified 
asphalt  mixtures,  such  as  GTR-BO  and  SEBS  modified  asphalt 
mixtures.  This  can  be  explained  by  the  fact  that  a higher  teat 
cycle  frequency  would  result  in  a shorter  resting  time  for  the 
loaded  specimen  to  rebound  elastically  between  the  pulsed 
loads.  If  a tested  specimen  does  not  rebound  completely,  the 
total  recovered  strain  would  be  lower  and  the  determined 
resilient  modulus  would  be  higher.  Modified  asphalts  with 
more  pronounced  delayed  elastic  behavior  would  be  affected 
more  by  the  shortening  of  the  resting  time. 

7,3,2  Effects  of  Modifiers  on  Denae-Graded  Mixtures 

The  results  of  ANOVA  on  the  measured  total  and 
instantaneous  resilient  modulus  for  dense-graded  mixture  are 
shown  in  Table  7.1.  The  test  results  indicated  that  the 


forced-draft  oven  produces  the 
hardening  on  the  measured  total 
modulus  at  temperatures  of  s*C  (4] 


It  severe  rate  of  age- 
instantaneous  resilient 
(77"F) . t 


from  the  mean  values  from  Duncan's  multiple  comparison  test, 
the  forced-draft  oven  increases  the  resilient  modulus 
approximately  two  fold  at  a temperature  of  25‘C  (77-p>. 
However,  the  natural  s-month  roof  aging  process  is  not 
significantly  different  from  the  no-aging  condition  on  the 
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basis  af  Dsasured  botal  and  instantaneous  resilient  modulus  at 
temperature  of  2S*C  (77°F) . At  the  temperature  of  5”C  (41^P) , 
the  results  shov  that  the  natural  fi-month  roof  agin?  produces 
slightly  higher  aging  effect  than  that  of  the  unaged  asphalt 
mixtures  on  the  basis  of  measured  total  resilient  modulus. 
Grouping  of  asphalt  mixtures  by  exposure  oondition  on  the 
basis  of  total  resilient  modulus  at  temperatures  of  S*C  (41*F) 


increases  it  the  least 
after  aging  indicated  t 
have  different  rate  o: 


s resilient  modulus  at 
C (77*F]  the  most,  whereas  the  SBF 
: 25*c  (77®p).  The  different  grouping 
t different  modified  asphalt  mixtures 
age-hardening.  Some  of  the  modified 


7.3.3  Effects  of  Hodifiers  on  Ooen-Graded  Mixture 

Results  of  AhoVA  on  the  measured  total  and  instantaneous 
resilient  modulus  for  open-graded  mixture  are  shown  in  Table 
7.3.  The  test  results  indicated  that  the  forced-draft  oven 
type  produces  the  most  severe  rate  of  age-hardening  on  the 
measured  total  and  instantaneous  resilient  modulus  at  both  5"C 


(4l*F)  and  2S*C  {77*F).  However,  the  effect  of  the  natural  6- 

that  of  the  original  no-aging  process  on  the  basis  of  measured 
total  and  instantaneous  resilient  modulus  at  S*C  (41^F)  and 
2S*C  (77^F) . Grouping  of  asphalt  mixtures  by  exposure 
condition  on  the  basis  of  total 
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these  tables,  the  SE5S  modifier  increases  the  resilient 
BOdulus  at  iS*C  (77«F)  the  nost,  whereas  the  EVA  nodifier 
increases  It  the  least.  However,  the  gilsonite  modifier 
increases  the  resilient  modulus  at  5*c  (4l*F)  the  most  as 
compared  with  the  other  modifiers. 

7.3.4  Comparison  Betwasn  Dense-Graded  and  Ooen-Craded  matures 

All  of  the  modified  open-graded  asphalt  ni>:tureB  show 
lower  value  of  resilient  modulus  than  that  of  dense-graded 
asphalt  mixtures  at  both  5*C  £41“F)  and  25*C  (77»P)  as  seen 
from  these  statistical  analysis.  This  behavior  is  reasonable 
and  as  anticipated.  The  higher  air  void  content  in  the  open- 
graded  mix  would  causa  a higher  recovered  strain,  and 
therefore  the  determined  resilient  modulus  would  be  lower. 

The  rate  of  age-hardening  of  asphalt  mixtures  caused  by 
the  forced-draft  oven  process  are  characterized  by  means  of 
the  ratio  of  resilient  modulus  after  and  before  the  aging 


process.  Table  7.S  shows  the  ratio  of  resilient  modulus  for 
the  dense-  and  open-graded  mixtures  at  temperatures  of  5*C 
(41*F)  and  25*C  (77’F).  All  Of  the  modulus  ratios  are  plotted 
in  bar  charts.  Figures  7.1  and  7.2  illustrate  the  comparison 
between  the  dense-graded  and  open-graded  mixtures  on  the  basis 
of  resilient  modulus  ratio  at  temperatures  of  5'C  (41*F)  and 
25»C  (77”?),  respectively.  As  seen  from  these  figures,  the 
rate  of  age-hardening  of  open-graded  mixtures  is  lower  than 
that  of  dense-graded  mixtures.  It  appears  that  the 
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resilient  aodulus  at  5*C  (41 
resilient  modulus  at  25*C  ( 
graded  asphalt  mixtures, 
containing  EVA  and  SEES  Bodified  AC-s,  also  show  slower  rate 
of  age-hardening  than  that  of  the  unmodified  AC-30  asphalt 
mixture.  It  appears  that  the  combination  of  proper  modified 
asphalt  binders  and  proper  aggregate  type  and  gradation  could 


The  indirect  tensile  strength  is  the  maximum  tensile 
stress  that  the  specimen  can  withstand.  This  test  has  been 
used  for  characterizing  the  resistance  to  failure  of  asphalt 
concrete  caused  by  tensile  stresses.  It  is  usually  used  to 
simulate  the  stress  state  caused  by  wheel  loads  in  the  lower 
position  of  asphalt  concrete  layer  and  the  stress  state  at  the 
pavement  surface  due  to  the  temperature  dropping.  Another 

the  stress-strain  characteristics.  The  tensile  failxire  strain 
is  usually  used  for  predicting  cracking  potential.  Mixes  that 
can  tolerate  high  strains  prior  to  failure  are  more  likely  to 
resist  cracking  than  the  nix  that  cannot  endure  high  strains. 


Tabulat«d  results  in  Appendices  D-3  and  D-4  ware  used  to 
evaluate  the  effects  of  modifiers  on  the  measured  indirect 
tensile  strength  for  both  dense-graded  and  open-graded 

graded  and  open-graded  mixtures  on  the  basis  of  indirect 
tensile  strength  and  strength  ratio. 

7.4.1  Mfecta  of  wodifiere  on  Denee-graded  Mlxturea 

tensile  strength  at  temperature  3S*C  (77*F] . The  specimens 
that  vere  aged  in  the  forced-draft  oven  had  approximately  a 


tensile  strength  of  290  psi.  whereas  the  original  unaged 

Unfortunately,  at  the  temperature  of  5"C  (41*f),  the  results 
show  some  variations  on  the  measured  tensile  strength  for  aged 
and  unaged  modified  asphalt  mixtures.  Grouping  of  asphalt 
mixtures  by  exposure  condition  on  the  basis  of  indirect 
tensile  strength  at  temperature  of  25*C  (77"F)  for  dense- 


table,  the  SEBS  modifier  increases  the  strength  the  most  at 
temperature  of  25*C  (77"FJ . However,  it  can  be  seen  that  the 
modifiers  CVA  and  SEB5  modified  with  AC-S  did  not  provide  the 
same  indirect  tensile  strength  as  the  mixtures  containing 


conventional 
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ResultB  of  A»OVA  on  the  indirect  tensile  strength  for 
densa-graded  niittura  are  shown  in  Table  7.8.  The  teat  results 
indicated  that  the  forced-draft  oven  type  produces  the  noet 


(77*F) 


rate  of  age-hardening  on  the  neaeured  tensile  strength 
(77*F).  However,  the  forced-draft  oven  and  natural 
month  aging  process  are  not  significantly  different 
e original  no-aging  condition  at  tenperature  of  5*C 
Grouping  of  asphalt  mixtures  by  exposure  condition  on 
is  of  indirect  tensile  strength  at  temperature  of  25*C 


se-graded  mixtures  a 


As  seen  from  table,  the  SEBS  modifier  increaese  the  indirect 
tensile  strength  the  most  at  tenperature  of  85<c  (77'F}, 
whereas  the  SBR  modifier  increases  it  the  least.  The  results 
show  that  the  mixtures  oontaining  EVA  and  SEBS  modified  AC-S 


the  basis  of  indirect  tensile  strength. 


All  of  indirect  tensile  strengths  for  both  denae-graded 
and  open-graded  mixtures  at  temperature  of  25*c  (77*F)  were 
plotted  in  bar  charts.  Figure  7.1  illustrates  the  conparison 
between  dense-graded  and  open-graded  mixtures  before  and  after 
aging  on  the  basis  of  Indirect  tensile  strength  at  25*C 
t77-F)  . As  seen  from  this  figure,  all  of  the  modified  asphalt 
mixtures,  with  the  exception  of  those  containing  EVA  and  SEBS 
modified  AC-5  binders,  have  higher  tensile  strength  than  the 
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B tensile  strength  of  open-graded  d 
at  of  dense-graded  mixtures.  The  indirect  tensile  strength 
open-graded  unaged  mixture  ie  approximately  135  psi, 
ereas  the  unaged  dense-graded  nixturee  has  an  indirect 
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25"C  (77»F)  before  and  after  forced-draft 
or  both  dense-  and  open-grade  mixtures  are 

ts.  Figure  7.4  illustrates  the  comparison 
between  dense-graded  and  open-graded  mixtures  on  the  basis  of 
indirect  tensile  strength  ratio.  As  seen  from  this  figure, 
all  of  the  modified  dense-graded  asphalt  mixtures  with  the 
exception  of  SBR  modified  asphalt  show  slower  rate  of  age- 
hardening than  that  of  conventional  unmodified  AC-30  asphalt 
mixture.  The  SEBS  modified  AC-30  mixture  shove  the  lowest 
aging  index  as  compared  with  the  others. 
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The  rate  of  age-hardening  of  the  open-graded  d 
slightly  slower  than  that  of  dense-grade  mixtures  on  the  basis 

aggregate  plays  an  important  role  on  the  pavement  age- 
hardening.  In  addition,  all  of  the  modified  open-graded 
asphalt  mixtures,  with  the  exception  of  BVA  modified  AC-20, 

hardening  than  that  of  conventional  unmodified  AC-30  asphalt 
mixture  at  temperature  of  25*C  (77«FJ.  Again,  the  SE8S 


the  Joasis  of  strength  ratio.  All  of  these  evidences  indicate 
that  the  modifiers  have  the  potential  tc  slow  down  the  rate  of 
age-hardening  of  conventional  asphalts.  However,  the  foroed- 
draft  oven  and  the  natural  6-month  roof  aging  process  did  not 
cause  a significantly  higher  indirect  tensile  strength  at 
temperature  of  5'C  (41T)  for  both  danse-  and  open-graded 
modified  asphalt  mixtures. 


7.5  Effects  of  Modifiers  on  Fracture  Eneruv 
The  required  energy  to  cause  fracture  of  asphalt  mixtures 
was  evaluated  by  the  fracture  energy,  which  was  determined  by 
calculating  the  total  area  under  the  stress-strain  curve  from 
indirect  tensile  strength  test.  The  typical  stress-strain 
curve  for  original  unaged  modified  and  unmodified  asphalt 
mixtures  are  displayed  in  Figure  7.5,  Figure  7,6  shows  the 
stress-strain  relationship  of  open-graded  and  dense-graded 
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Open-Graded  HlittureB 
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mixtures  at  2S**C  (77‘F).  Tabulated  results  in  Appendixes  D-3 
and  D-4  also  display  the  fracture  energy  of  dense-graded  and 
open-graded  mixtures.  The  results  of  ANOVA  on  the  measured 


the  Duncan's  Multiple  Range  test  results  for  dense-graded  and 
cpen-graded  mixtures  are  shown  in  Tables  7.11  and  7.12, 
respectively.  The  test  results  Indicated  that  the  fracture 
energy  slightly  increases  after  fi-month  natural  roof  aging  and 
then  decrease  after  forced-draft  oven  aging  for  either  dense- 
graded  or  open-graded  mixture  at  both  5*  and  25*C  (41*  and 
77*F] . This  indicates  that  the  fracture  energy  value  tend  to 


the  asphalt 

f fracture  energy  of  different  modified  asphalt 
s before  and  after  force-draft  oven  aging  were  plotted 
in  bar  charts.  Figures  7.7  and  7.8  illustrate  the  comparison 
between  the  dense-graded  and  open-graded  mixtures  before  and 
after  forced-draft  oven  aging  on  the  basis  of  fracture  energy 
at  temperatures  of  5°C  (41*F)  and  25'C  (77*F) , respectively. 
As  seen  from  these  figures,  all  of  the  unaged  modified  asphalt 
mixtures  have  higher  fracture  energy  than  that  of  mixtures 
containing  the  unmodified  AC-30  for  dense-graded  mixture  at 
8*C  (41*F).  At  temperature  of  25*C  <77*F] , all  of  unaged 
modified  asphalts,  with  the  exception  of  SBR  modified  AC-30, 


EVA  modified  AC-20  , EVA  and  SEBS  modified  AC-8  asphalt 


mixtures,  show  higher  energy  value  than  that  of  conventional 


unmodified  AC-30  mixtures.  However,  all  of  modified  asphalt 
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nixtures  deoraase  in  fracture  energy  after  force-draft  oven 
aging,  for  either  dense-graded  or  open-graded  mixtures  at  both 
5"C  (41‘F)  and  25*C  (77*F).  This  indicates  that  the  addition 
of  certain  amount  of  modifiers  could  increase  the  fracture 
energy  of  conventional  asphalt.  However,  from  the  standpoint 
of  long-term  aging  characteristic,  the  addition  of  modifiers 
to  conventional  AC-30  tend  to  maXe  the  binders  too  brittle  as 
seen  from  these  figures.  Results  from  statistical  analysis  by 
using  AHOVA  techniques  along  with  Duncan's  multiple  range  test 
also  coincide  with  the  trends  observed  from  these  figures.  It 
is  therefore  concluded  that  the  modified  AC-30  binders  are 
generally  too  hard,  especially  after  they  harden  further  under 
service.  However,  the  modified  AC-S  hinders  appear  to  be 
softer  than  the  conventional  AC-30  as  seen  from  these  analysis 

7.K  Results  of  Rheology  Tests  on  Recovered  Asphalt  BlendO 
The  broken  dense-graded  and  open-graded  Marshall  specimen 
from  indirect  tensile  strength  teat  were  extracted  by  using 
the  reflux  extraction  and  rotovap  recovery  methods.  The 
following  conventional  binder  tests  were  performed  on  these 
recovered  modified  asphalt  blends  to  evaluate  the  effects  of 
different  aging  conditions  on  the  rheological  properties  of 
these  modified  asphalt  blends: 

b.  Absolute  viscosity  at  60*C  [140*P) 


c.  Infrared  spectroscopy  teat 

d.  Schweyer  rtieoaeter  test  at  IS*  and  2S'C  (S9*  and 
77T). 

Results  of  these  conventional  binder  tests  including 
penetration,  absolute  viscosity,  constant  power  viscosity  at 
two  different  teaperatures,  and  carbonyl  ratio  from  PTIR  are 
tabulated  in  Appendix  E.  Scattering  data  were  obtained  due  to 
the  difficulty  of  recovery  process  on  aodified  asphalts.  It 
was  observed  that  some  of  the  aodifiars  are  not  soluble  in 
toluene  or  trichloroethylene  during  the  extraction  process.  It 
was  found  that  only  three  of  seven  modifiers  namely  gilsonite, 
EVA,  and  SEBS  are  recoverable.  However,  the  available  test 
results  still  indicate  that  the  forced-draft  oven  aging 
process  produces  the  most  severe  aging  effects  on  the  basis  of 


I..7  Cora  Samples  From  field  Prolects 
Core  samples  were  taken  from  two  field  projects,  US' 
and  Interstate  Highway  75  in  Hernando  County  in  the  Stati 
Florida,  periodically.  Cores  were  extracted  both  from  w1 
path  and  from  between  wheel  path.  When  extracting  these  i 
samples,  it  was  observed  that  both  Interstate  highway  1-75 
US-301  pavements  are  still  in  good  condition  after  8-: 


field  service.  There  were  not  any  measurable  rutting  and 
cracking  observed  at  both  the  I-7S  and  US-301  projects.  In 
addition,  the  measured  average  air  voids  from  field  cored 


Banples  for  US-301  and  1-75  projects  are  14 
percent,  respectively.  Indirect  tensile  strength  test  at  25*C 
f77*F]  was  perforned  on  the  core  sanples  of  asphalt  concrete, 
and  asphalt  binders  were  recovered  from  the  broken  saoples 
using  the  reflux  and  rotovap  nsthod.  The  recovered  asphalt 
cements  were  subjected  to  penetration  test  at  25*c  and 
60*c.  Table  7.13  shows  the  indirect 
samples  from  both  I-7S  and  US-301 
Table  7.13,  the  indirect  tensile 
1 typically  higher  than  that  of  BWF 

scause  the  W?  is  more  deneified  by 


absolute  viscosity  test  « 
tensile  strength  of  cot' 
pavements.  As  seen  froi 
strength  of  WP  samples  a 

reasonable  and  expected 


s probably  due 


Results  of  penetration  test  at  25*c  (77"?)  and  absolute 
viscosity  at  eO"C  (140*F)  are  shown  in  Table  7.14.  On  the  US- 
301  project,  the  results  indicated  that  the  WP  samples 
produced  higher  viscosity  and  lower  penetration  than  that  of 
BMP  samples  after  age-hardening.  It  could  be  explained  by  the 
fact  that  the  imparted  air  (oxygen)  during  wheel  path 
densif ication  increases  the  rate  of  oxygen  ebsorption  in  the 
asphalt  and  accelerates  the  age-hardening  of  the  pavement 
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Bftjor  findings  from  tha 
are  eunuBarized  as  follows: 

The  resilient  modulus  of  asphalt  mixtures  at 
temperature  of  25*C  (77"F)  appears  to  Increase  as 
the  cycle  frequency  increases.  However.  at 
temperature  of  S*c  (4l*F) , the  effect  of  teet  cycle 
frequency  is  not  significant  for  either  the 
unmodified  or  modified  asphalt  mixtures. 

The  rotation  of  specimen  during  the  resilient 
modulus  test  appears  to  have  a significant  effect  on 
the  measured  resilient  modulus  at  both  5*c  (41*FJ 


age-hardening 


instantaneous  resilient  modulus  for  both  dense- 


js«c  (77»P) . HO 


tn-graded  mixtures  at  temperature  of 
nrfever.  the  natural  e-month  roof  aging 
significantly  different  from  that  of 


the  original  no-aging  condition. 

From  the  standpoint  of  aging  characteristics,  the 
slower  than  that  of  dense-graded  mixtures  as 


measured  by  mean 
tensile  strength 


The  fracture  energy  characterized  by  Beane  Df  the 


natural  roof  aging  and  then  decrease  after  force- 
draft  oven  aging  for  either  dense-graded  or  open- 
graded  nirtures  at  both  5*c  (41"f)  and  25*c  (77*F) 
On  the  basis  of  fracture  energy,  the  addition  of 
noditlers  blending  with  conventional  AC-30  tend  to 
Bake  the  binders  too  brittle  as  they  harden. 
However,  nodifiers  blending  with  conventional  AC-5 
asphalt  appear  to  be  softer  than  that  of 
conventional  AC-30. 

The  nodifiers  of  gilsonite,  ethylene-vinyl-acetate 
(EVA)  copolyner,  and  stylene-ethylene-butylene- 
styrene  (SEBS)  block  copolyner  are  soluble  in 
toluene  and  triohloroethylene. 

All  of  the  unaged  nodified  asphalts,  with  the 
exception  of  SBR  modified  AC-30,  EVA  nodlfied  AC-20, 

the  basis  of  fracture  energy. 

The  modified  asphalt  mixtures  which  are  superior  to 
AC-30  on  the  basis  of  resilient  nodulua  ratio 
include  (IJ  AC-30  + 5*  GTR-SO  rsi  * ea  or.D- 


(3)  AC-30  + lot  Carbon  Black,  (4)  ac-30  + 5t  EVA 
and  (5)  AC-30  + 5t  Gilsonite. 

On  the  basis  of  indirect  tensile  strength  ratio  and 
resilient  nodulus  ratio  at  temperature  of  25«c,  the 


S modified  AC-30 


asphalt  binders  and  proper  aggregate  type  and 


CHAPTER  8 

AHAL5TSIS  AND  DISCUSSIONS 


In  order  to  invoBtigata  the  relationship  between  the 
laboratory-aged  and  the  field-aged  asphalt  binder,  an 
conventional  AC-20  asphalt  which  was  used  in  an  actual  paving 
project  in  Florida  was  used  Cor  coDparlson  purpose.  The 
sampled  asphalt  cement  was  aged  by  fa)  the  TFOT  and  HTFOT  at 
the  three  different  temperatures,  (b)  the  California  tilt  oven 
test  for  72  hours  and  1S8  hours,  (c)  the  SHRP  standard  PAV 
aging  process  at  three  different  temperatures,  and  (d)  the 
SHRP  PAV  for  a duration  of  40  hours.  Table  8.1  displays  the 
rheological  properties  of  laboratory-aged  asphalt  binder.  The 
properties  of  these  aged  residues  were  compared  with  those  of 
the  recovered  asphalt  binders  from  field  cored  samples  which 
were  taken  periodically  from  the  pavement.  The  plot  of 
penetration  at  25'C  (77T)  and  absolute  viscosity  at  «o»C 
(140-F)  was  used  to  investigate  whether  the  laboratory-aged 
binders  had  similar  oharaoteristics  as  the  field-aged  binders. 
Figure  8.1  shows  the  pen-vis  plots  of  the  laboratory-aged  AC- 
80  binders  that  was  used  in  the  actual  paving  project  along 
with  those  of  the  field-aged  binders  that  were  recovered  from 
cored  samples  at  different  ages.  It  can  be  seen  that 


PAV?ioo'’C(40hrs 


•Q  '3S2  Lia!ioj:teuad 


laboratory  aged  binders  have  similar  aging  characteristics  as 
the  field  aged  binders.  As  seen  from  Figure  S.l,  the  RTFOT 
aging  process  performed  at  temperature  of  1S5*C  (36S*F)  for  ?S 
minutes  can  simulate  s one-year  field  aging  under  typical 
Florida  conditions.  Also,  the  California  tilt-oven  process  at 
temperature  of  lll*c  (232”F)  for  a duration  of  162  hours  can 
simulate  an  eight-year  field  aging  under  the  same  conditions. 

PAV  at  the  temperature  of  {194*F}  for  a duration  of  20 


conditions.  It  is  noted  that  the  standard  PAV  at  temperature 

than  eight-year  field  aging  under  typical  Florida  conditions. 
The  same  concept  was  used  to  ourve-fit  the  pen-vis 

vis  relationship  of  gilsonite  modified  asphalt  binder  after 
different  TFOT  and  RTFOT  processes  and  the  recovered  binders 
from  gilsonite  modified  asphalt  mixtures  after  different  aging 
processes.  As  seen  from  Figure  6.2,  the  latcratory  natural  6- 
months  roof  aging  process  produces  similar  aging  effects  to 
thet  of  RTFOT  at  temperature  of  165**C  (365*F)  . In  addition, 
the  forced-draft  oven  produced  much  more  severe  aging  effects 
than  that  of  RTFOT  at  196*C  [365*F)  . Similar  pen-vis  plots  for 
different  modified  asphalts  are  shown  in  Appendix  F,l. 

viscosity  at  60**c  fl40*F]  was  investigated  by  plotting  the  log 


shows  the  carbonyl  ratio  versus  absolute  viscosity  plot  for  a 
conventional  AC-30  asphalt  binder  at  different  laboratory 
aging  conditions.  As  seen  from  Figure  8.3.  the  laboratory  aged 
binder  has  sioilar  characteristics  as  that  of  the  recovered 
binders  from  the  asphalt  mixtures  since  they  all  fall  on  the 


structure  of  the  asphalts  in  terms  of  functional  groups  due  to 
high  temperature  TFOt  aging  process  are  similar  to  the 


asphalts. 

different 
asphalts  i 


e approach 


60*C  viscosity  ft 


also  employed  on  the  modified 
relationship  between  carbonyl 


aging  conditions.  Similar  plots  for  other  modified 
ire  shown  in  appendixes  F.2.  it  can  be  observed  that 
show  similar  trends.  However,  greater  variations  of 
a neat  relationship  were  observed  for  these  modified 


asphalts. 


B.2  Evaluation 
Wixturaa 


Fatlaue  Characteristics  of  Modified  Asphalt 


against  the  corresponding  total  resilient  modulus 
(41”T)  to  evaluate  their  relationships.  Figure  8.5  st 
relationship  between  the  total  resilient  modulus  at 


that  at  25"C  for  both  dense-graded  and  open-graded  mixtures. 
The  relationship  can  be  defined  by  the  linear  equation 


Log(KrSSC) 


S,Log(Kr§2SC) 


{«.J) 


Hr@5C  ■ total  resilient  modulus  at 

Hf@25C  - total  resilient  modulus  at 


resilient  modulus  at  21 
the  total  resilient  aoc 

mixtures,  rsspeotively. 

considered  as  prediotors  of  li 
linear  model  was  used  to  best-f 
indirect  tensile  strength  and  i 
(77"F)  for  both  dense-graded 
unmodified  asphalt  concrete 
between  these  two  properties  are 
equation  used  was  of  the  following 
tiOg(Hr)  - Bg  + S,L09(St) 


'*F)  has  a good  correlation  with 
It  5»C  («1«P).  B*  values  of  O.SO 
1th  dense-graded  and  open-graded 
relationship  Indicates  that  the 
*C  (77^P)  could  be  adequately 
low  temperature  data.  A similar 
‘fit  the  relationship  between  the 
total  resilient  modulus  at  25*c 

IS  relationships 


Hr  ■ total  resilient  modulus  at  25*c  (77"F),  pel 
St  = indirect  tensile  strength  at  25*C  {77*F),psi 
As  seen  from  Figure  B.6,  the  best  fitted  equation  gave  a 


linear  relationship  with 
mixtures  and  0.63  for  op 
total  resilient  modulus  ii 


len-gradad  mixtures.  In  general,  the 
ncreases  with  an  inorease  of  indlreot 


tensile  strength  at  25*C  (77"F) . In  addition,  the  relationship 


does  not  vary  with  different  types  of  nixtures.  The  absolute 
viscosity  at  60*C  (140*F)  was  plotted  a9ainst  the 
corresponding  total  resilient  modulus  and  indirect  tensile 
strength  at  25*C  E77*F)  to  evaluate  their  possible 
relationships,  in  Figures  S.7  and  8.8,  respectively.  Poor 
correlation  was  obtained  tetween  absolute  viscosity  at  60*C 
and  indirect  tensile  strength  and  total  resilient  modulus  at 


properties. 


considered  as  predictors  of  high  temperature 
en  from  these  analysis,  it  is  reasonable  to 
s modified  asphalt  mixtures  have  a linear 
elastic  behavior  within  the  low  temperature  range  of  5*  to 


: («1  t 


TF). 


The  total  resilient  modulus  at 
characterized  by  means  of  the  area 


resilient  modulus  and  fracture  energy  at  25*C.  he  seen  from 
Figure  8.9,  the  total  resilient  modulus  had  poor  relationship 
with  the  fracture  energy.  However,  a general  trend  can  still 
be  observed  from  this  plot.  The  fracture  energy  increases  as 
the  total  resilient  modulus  increases  until  the  resilient 

mixtures  end  5£5  psi  for  open-graded  mixtures.  As  the  total 
resilient  modulus  increases  beyond  that  point,  the  fracture 


therefore,  concluded 


resilient  modulus 


provide  a ?ood 


indication 


8.3  Evaluation  of  Ci 

An  asphalt  binder 
compaction  process  as  well 
specification  criteria  in 


it  Specifications  tor  Modified  Asphalts 
n age  during  the  mixing  and 

true  performance  specification 


should  ensure  chat  the  binder  would  perform  a 
actual  service.  The  current  test  procedures  of 
Oven  Test  (ASIH  0-175A)  and  the  Rolling-Thin-F 
(ASTH  D-2872)  have  been  considered  adequate  fc 
aging  of  binders  that  occurs  during  mixing  a 

still  not  addressed  in  the  current  asphalt  spscifications. 

Results  of  the  tests  on  the  modified  asphalt  binders 
presented  in  this  study  indicate  that  the  TFOT  and/or  RTFOT 
d be  run  at  high  process  temperature  to  simulate 


r simulating  the 


the  long-term  aging  that  occurs  in  the  field.  However,  the 
TFOT  or  RTFOT  at  a high  process  temperature  such  as  185*C 
(36S‘F)  can  simulate  field  aging  in  the  early  stages  of  the 
pavement  life  only.  It  has  besn  suggested  (82]  that  the 
kinetics  of  aging  is  completely  governed  by  the  state  of 
dispersion  of  the  polar,  reactive  molecules  in  the  asphalt, 
and  that  the  kinetics  of  oxidative  age-hardening  at  high 
temperatures  is  different  from  that  at  the  pavement  service 
temperatures. 


It  has  been  shown  in  this  study  that  the  California  tilt- 
oveh  process  at  the  tenperature  at  lll^C  {231”F)  for  a 
duration  of  188  hours  can  predict  an  eight-year  asphalt  age- 
hardening  in  the  field  under  typical  Florida  conditions., 

(lew  laboratory  aging  procedures  using  the  pressure  aging 
vessel  <PAV)  has  been  adopted  by  the  SHR?  binder 
specifications  recently.  In  this  test  procedure,  the  asphalt 
residue  after  the  standard  BTfOT  process  are  further  aged  in 
a pressure  air  vessel  at  a pressure  of  300  psi  (2  KPa)  and  a 
temperature  of  90*C  to  110*C  ( 194  to  230*F  ) for  20  hours  to 
simulate  long-term  field  exposure.  Results  of  the  tests 
obtained  from  this  study  indicate  that  the  PAV  aging  process 
at  a temperature  of  100‘C  (212*F)  for  a duration  of  40  hours 
can  simulate  a field  aging  of  over  8 years  under  typical 
Florida  conditions. 

The  Strategic  Highway  Research  Program  (SKRP)  [94] 
proposed  two  aging  procedures  to  evaluate  both  the  short-term 
and  long-term  aging  characteristics  of  unmodified  or  modified 
asphalt  mixtures.  The  selected  aging  process  for  short-term 
aging  is  to  place  loose  mixtures  in  a forced  draft  oven  for 
about  six  hours  at  a temperature  of  13S*C  (275*P)  to  simulate 
the  aging  that  occurs  during  mixing  and  compaction.  The 
proposed  procedure  for  long-term  aging  is  to  piece  compacted 
mixture  samples  in  a forced-draft  oven  at  a temperature  of 
60’C  (140“F)  for  a duration  of  7 days  to  simulata  long-term 
field  aging  conditions. 


< Selection  of  Sultabla  Medltled  Xgplialts  far  L 


The  concern  with  conventional  asphalt  binders  has  been 

reduced  flexibility.  Through  the  addition  of  nodifiere,  it  ie 
possible  to  select  aodified  asphalt  binders  which  do  not 
increase  the  rate  of  age-hardening,  but  yet  iapart  the  desired 
flexibility  after  aging.  Results  of  the  tests  on  the  aodified 
asphalt  binders  presented  in  this  study  indicate  that 
BOdifiers  added  to  AC-20  or  AC-30  asphalts  tend  to  have  slower 
rate  of  age-hardening  than  that  of  the  DOditied  AC-5  asphalts 

However,  in  the  case  of  modified  asphalt  blends  containing 
high-viscosity  asphalt  such  as  AC-30,  the  binders  are  too 
stiff  and  brittle.  It  ie  believed  that  modification  of 
compatible  low-viscosity  asphalt  will  yield  not  only 
satisfactory  results  at  a particular  high  and  low  service 
temperature,  but  also  slower  rate  of  age-hardening. 

Generally  speaking,  the  nodifiere  which  appear  to  impart 
elastic  property  as  well  as  anti-aging  effect  to  the 
conventional  asphalts  are  fine  ground  tire  rubber  passing  /BO 
sieve  (GTR-SO)  and  block  copolymer  styrene-ethylene-butylene- 
styrene  (SEBS)  . However,  it  should  be  pointed  out  that  the 
appropriate  selection  of  asphalt  grade,  modifier  type,  and 
modifier  concentration  along  with  the  consideration  of 
required  traffic  and  environmental  condition  of  the  pavement 
is  very  important  in  order  to  obtain  benefits  from  using 
modified  asphalts. 


It  should  bs  noted  that  the  aggregates  comprise 
approximately  9S  percent  of  asphalt  mixtures,  and  thus  they 
play  a major  role  in  the  mixture  design  process.  Generally 
speaking,  the  texture  of  the  aggregate  is  important,  and  it  is 
desirable  to  have  a rough  texture  for  improved  rutting 
resistance,  particularly  in  the  thicker  asphalt  bound  layers. 
Available  evidence  indicates  that  danse-graded  aggregate 
gradations  are  desirable  to  mitigate  the  effects  of  rutting 

of  asphalt  concrete.  On  the  other  hand,  for  thin  sections  of 
asphalt  concrete,  fatigue  response  would  appear  to  be 
by  applying  a more  open-graded  aggregate  gradation. 


improved 


9.1  Conelualona 

The  analysis  and  evaluation  of  the  effects  of  asphalt 
types,  Dodifler  types,  modifier  concentcation,  and  mixture 
types  investigated  in  this  study  have  Indicated  that  all  of 
above  factors  can  significantly  affect  the  asphalt  pavement 
perfomance.  The  following  conclusions  were  derived  from  the 
results  obtained  in  this  study: 

1.  The  asphalt  binders  which  were  artificially  aged  in 
the  laboratory  by  the  TFOT,  RTFOT,  California  tilt 

similar  rheological  properties  as  those  which  ware 


The  RTFOT  aging  process  performed  at  a temperature 
of  165*C  (365*F)  for  75  minutes  appear  to  simulate 
a one-year  field  aging  effect  under  typical  Florida 
conditions. 


e SHRP  pressure  aging  vessel  ( 
d duration  of  : 


simulate  an  three-year  field  aging  effect  under 
typical  Florida  conditions.  In  addition,  the  PAV  at 
ISO  ‘C  (212  *F]  for  a duration  of  40  hours  could 
simulate  an  aging  effect  of  over  S years  of  service 
under  typical  Florida  conditions. 


The  California  tiir  oven  proceea  at  lll*C  for  a 
duration  of  168  hours  appear  to  simulate  an  eight- 
year  field  aging  effect  under  typical  Florida 


The  RTFOT  is  a more  severe  aging  process  than  the 
TFOT  at  any  of  the  three  process  temperature  as  seen 
from  the  percent  penetration  retained  and  absolute 
viscosity  ratio  of  the  aged  modified  asphalts, 

The  RTFOT  vas  not  suitable  for  use  on  the  coarse 
ground  tire  rubber  modified  asphalts  because  the 
modified  asphalt  binders  spilled  out  from  the  bottle 
during  the  RTFOT  process. 

since  the  diametral  resilient  moduli  at  25  *c 
(77  'F)  bad  a good  correlation  uith  the  moduli  at  S 

25*C  could  be  considered  as  predictor  of  the 
corresponding  low  temperatxure  data. 

Different  mixture  types  appear  to  have  different 
aging  characteristics  as  evidenced  by  the  difference 
between  the  open  and  dense  graded  mixtures  used  in 


this  study. 

The  resilient  modulus  at  25  *C  (77  *F]  had  a good 
correlation  with  the  indirect  tensile  strength  at  25 
*C  (77  ”F).  In  general,  the  resilient  modulus 
increases  with  an  increase  in  indirect  tensile 
strength  at  a particular  loading  rate,  in  additicn. 


this  relationship  does  not  vary  vith  different  types 
of  mixtures. 

The  modified  asphalts  which  are  superior  to  AC'IO  on 
the  basis  of  aging  charscteristics  include  (1)  AC-20 


All  of  the  unaged  modified  asphalts,  with  the 
exception  of  5BR  modified  AC-30,  EVA  modified  AC-20, 

the  basis  of  fracture  energy. 

AC-30  asphalt  mixture  on  the  basis  of  resilient 
modulus  ratio  include  (1)  AC-30  + St  GTR-00,  (2)  AC- 


30  t 5t  EVA,  and  (5)  AC-30  + 5«  Qilsonite. 

On  the  basis  of  indirect  tensile  strength  ratio  and 
resilient  modulus  ratio  at  temperature  of  2S*C,  the 
SEBS  modified  AC-30  mixture  shows  the  lowest  aging 

The  addition  of  modifiers  to  conventional  AC-30 
asphalt  tend  to  make  the  binders  too  brittle  as  they 
age-hardens.  However,  modified  AC-5  asphalt  appear 
to  be  softer  at  low  temperatures  than  that  of 


conventional 


following 


recommendations 


9.2  Seeotmendatlons 
the  Cindinge  in  this  study,  ‘ 
suggested: 

Since  most  asphalt  blends  exhibit  i 
behavior,  either  at  low  temperatures  or  high  service 
temperatures,  where  the  shear  stress  is  not  directly 
proportional  to  the  strain  rate,  additional  research 
should  be  done  by  using  Schweyer  rheometer  and/or 
rotational  cylindric  viscometer  to  evaluate  the 
shear  susceptibility  of  modified  asphalts  or  aged 
asphalts. 

Comparison  of  results  from  the  schweyer  rheometer 
test  and  the  new  SHRF  bending  beam  rheometer  test 
should  be  made  to  evaluate  the  low-temperature 
characteristics  of  aged  asphalts  and  modified 

Additional  research  is  needed  to  evaluate  the  new 
5KRP  proposed  dynamic  shear  rheometer  (DSR)  test  for 
characterising  the  viscoelastic  behavior  of  modified 
asphalts  at  intermediate  tempsratures  between  25*c 


particularly  useful  in  the  transition  region  where 
the  delayed  elastic  response  is  dominant.  Also, 
additional  research  could  be  conducted  to  develop 
the  relationship  between  Schweyer  rheometer  and  the 
dynamic  shear  rheometer  test  results. 


Additional  research  should  be  conducted  to  evaluate 
the  effects  of  using  different  duration  tines  in  the 

40  hours  has  been  shown  to  simulate  field  aging  of 
more  than  8 years  under  typical  Florida  conditions. 
Further  investigation  on  age  hardening  of  Dodified 
asphalts  using  the  California  tilt  oven  aging 
process  should  be  continued  to  evaluate  the  aging 
characteristics  of  nodified  asphalts,  since  the 
California  tilt  oven  could  sinulate  a 8-year-old 
field  pavenent  aging  under  typical  Florida 
conditions. 

Additional  research  should  be  conducted  to 
investigate  the  difference  between  TFOT  and  RTFOT 

Additional  investigation  should  be  conducted  on  the 
Kixing  temperature  of  modified  asphalts  since  this 

important  role  on  the  long-term  pavement  cracking 
performance. 

Homogeneity  of  asphalt  blende  has  always  been  a 
problem  for  modified  asphalt  research  study  as  it 
affects  the  variability  of  the  data  generated.  It  is 
recommended  that  a physical  test  such  as  softening 
point  test  should  be  performed  right  after  asphalt 


blending  to  evaluate  the  reproducibility  of  the  data 


which  is  related  to  the  homogeneity  of  the  asphalt 

The  forced-draft  oven  hea  been  found  to  be  a good 

However,  duration  of  90  days  seems  to  be  impractical 
for  routine  testing  purpose.  Modification  of  forced- 
draft  oven  through  tha  application  of  low  pressure 
air  and  flow  rate  adjustment  could  be  considered  to 
accelerate  the  aging  process  of  mixtures  within 
short  periods  of  time. 

Stiffer  mixtures  appear  to  be  more  susceptible  to 
cracking  at  low  temperatures.  However,  the  resilient 
modulus  test  results  showed  that  tha  changes  in 
resilient  modulus  at  5*C  and  25*C  are  mainly  a 
function  of  the  changes  In  elastic  deformation. 
Since  recoverable  deformations  do  not  lead  to 
thermal  cracking,  resilient  modulus  should  not  be 
a good  indicator  of  cracking  potential  at  low 
temperature.  The  stress-strain  response  provides  a 
better  measurement  of  performance  of  the  mixture. 
Additional  research  is  needed  on  stress-strain 
response  of  modified  asphalt  mixtures. 

Since  aggregates  comprise  approximately  95  percent 
of  most  asphalt  mixtures,  they  play  a major  role  in 
the  mixture  design  process.  Additional  research  is 
needed  to  investigate  the  effects  of  different 


Dlxture  typa  and  aggregate  gradations  on  nodicied 
asphalt  pavement  performance. 

Gyratory  testing  machine  (6m]  could  be  considered 
for  fabrication  of  asphalt  specimens  since  the  GTK 
method  provides  more  evaluation  parameters  than  that 

The  softer  asphalt  such  as  AC-IO  or  AC-15  should  be 
used  in  modified  asphalts  since  AC-30  modified 
asphalts  are  too  brittle  as  they  hardens. 

Higher  modifier  contents  are  recommended  in  AC-5 
modified  asphalts  since  the  modified  AC-5  asphalt 
used  in  this  study  are  not  stiff  enough  under 
typical  Florida  conditions. 


siirface  of  the 


modified  asphalt  sample  during  TFOT  test. 
Kodification  of  the  TFOT  should  be  studied  to 


In  order  to  evaluate  the  rutting  resistance  of  th< 
modified  asphalts,  selected  asphalt  blends  should  b» 


tracKing  simulation 
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APPENDIX  B 

RESULTS  OF  CONSISTENCV  AND  RHEOLOGY  TESTS 


Rgqrggaion  Eguation 
LogLog(Vis)B  19,«96  - <.923Log(Tenip) 
^LogLog(Vis)-  18.938  - «.«38Log(le»p) 
LogLog(Vis)*  17,515  - 8.899Log(Tenp) 
LOgLOg(ViB).  16.465  - S.71flLog(T0inp) 


lQ9l"g(ViB)-  1 
LagLog(Vls)-  1 
LogLog(Vls)«  1 
LogLog(ViG)-  1 


6 - c.»23Log(TeDp) 

7 - «.737Log(Teitpl 
9 - «.«17Log(Tesp) 


3g(Tamp) 


l^gI<5g(Vla)*  19.698  - « .923Log(Tanp) 
LogLog(vls)-  13.627  - 4.6B9Log(Tenp) 
^ ^LogLog(Visl»  13.582  - 4. 6S91.og(TeBp) 
I.ogLog(Vla)»  11.B56  - 4 . 023Log(Teiiip) 


LogLog{ViB)K 

LogLog(Vis). 

ZAgLog(Vis)a 


Reoresslnn  Equation 

- t.l9«Log(Temp) 

- <.820Log(Temp) 

- «.a27Log(Tenp) 


osity  i 


Beqressien  Equation 

LogLog(Vis)»  16.645  - S .7»4LOg (Temp)  R*= 
MgLog(ViB)-  17.482  - S.09«Log(Temp)  R*-= 
LogLog(ViB)-  17.436  - 6.loaLog(Teop)  R*= 


»ity  ir 


LogLog(Vi* 
LagLog(Vls 
LogLog(Vis 
LogLog{ViB 


.923Log(Tamp)  R^- 
.SSlLog(Teap)  R^- 
,<60Lag(Tenp)  R*. 


ity  ir 


Rsaresfllon  Eauatlon 
LogLog(Vis).  19.696  - 6.923Log(Tei»p) 
^Lo|Lo|(Vi8)>  15.249  - 5 .26lLog(Tei»p) 
LogLog(Vis)-  14.828  - s.miogdemp) 
S8  SEBS 

LogLog(Vls)-  14.690  - S.074Log(TeBp) 
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RESOLTS  OF  COSSISTENCV  AND  RHEOLOGV  TESTS 
AFTER  TFOT  AND  RTFOT  AGIKS  PROCESS 
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APPENDIX  D 

RESULTS  07  HIXTUKB  STRENGTH  TESTS 
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RESULTS  or  RHEOLOGICAL  AHD  CHEMICAL  TESTS 
RECOVERED  RESIDUES 
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APPENDIX  F 

RELATIONSHIP  8ETHEEN  PENETRATION  AND  VISCOSITX 
RECOVERED  RESIDUES 
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